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ABSTRACT

Zamora, Ruben D., Population Ecology and Reproductive Biology of the Diamondback

WatersnakelNerodia rhombifer (Serpentes: Colubridae), in Southernmost Tiebester

of Science (MS), December, 2009, 120 pp., 14 tables, 26 figures, references, 117 titles.
Nerodia rhombifer is a polytypic, semi-aquatic snake with a broad geographical
distribution ranging from the American Midwest southward to Chiapas, Mexico.
Although relatively abundant throughout much of its range, few ecological safdles
species have been conducted. This study provides basic population ecology iaformati
in a subtropical habitat. Population data were obtained in a mark-recapture Sadyeat
Ana National Wildlife Refuge, Hidalgo County, Texas, from August 1995 to December
1998. Specimens taken elsewhere in Hidalgo County provided information on the
reproductive biology. This study provides the first absolute density essifnaie
anywhere within the species’ range. Quantitative information on seastiey ac

growth rates, size dimorphism, population structure, reproductive cycles, and lipid

dynamics are presented.
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CHAPTER |

INTRODUCTION

The diamondback water snalerodia rhombifer is a polytypic species
consisting of three subspecies inhabiting the United States and Mexico. Two m#f)spec
N. r. blanchardi andN. r. werleri, are limited in geographic range to Mexico. The former
occurs in the states of Nuevo Leon, Tamaulipas, San Luis Potosi, Hidalgo, andi¥/erac
and the latter occurs in Veracruz, Tabasco, Campeche, and Chiapas (Conant, 1969).
Intergrades betwe@N. r. blanchardi andN. r. werleri occur in central Veracruz (Conant,
1969). Nerodia r. rhombifer is the only subspecies that occurs in the United States and is
the only representative of its genus to occur naturally in the lower Rio Graridg Val
(LRGV) of Texas. The Florida water snaké fasciata pictiventris) is a non-native,
accidental introduction to the LRGV and is limited to the Brownsville, Texas are
(Tennant, 1984)Nerodiar. rhombifer ranges from central Indiana westward to western
Kansas and southward to southernmost Alabama through the eastern two-thirdsof Texa
into Mexico (Conant and Collins, 1991). In Mexidb,r. rhombifer occurs in the states
of Coahuila, Nuevo Leon, Tamaulipas (Conant, 1969). Intergrades betiveen
rhombifer andN. r. blanchardi occur from the Rio Salinas in Nuevo Leon (Conant,
1969).

Field identification ofN. r. rhombifer is determined by a network of rhombi on

the dorsum which are outlined by blackish brown scales. The rhombi intersect with



similar-colored lateral vertical bars. The background color is light oligeAr The

eyes have round pupils and the iris may be red or orange. The ventral sitavsagd
randomly marked with blackish crescents. There are 25 to 31 strongly keeled, mid-body
rows of dorsal scales and a divided anal plate. This non-venomous, semi-aquatic
colubrid has an uncanny musking ability and will bite vigorously when molested
(Tennant, 1984; Vermersch and Kuntz, 1986; Conant and Collins, 1991).

Nerodia rhombifer generally occurs below 500 m elevation (Keck, 2004) and
inhabits almost any permanent, non-urban body of water including lakes and ponds,
rivers, streams, marshes, and man-made reservoirs (Tennant, 1984; lieandrsc
Kuntz, 1986; Keck, 2004). This snake also may be found in water hazards on golf
courses, irrigation canals and drainage ditches (pers. obs.; Conant, 1969). Individuals
most commonly occur along gently sloping (€4Sparse to densely vegetated
shorelines or resting on woody vegetation hanging above water (Cagle, 133@nPre
1970; Hebrard and Mushinsky, 1978; Keck, 1998). In irrigation caNattombifer
may be most abundant among riprap associated with water control structureshelye
forage and bask (pers. obs.). Compared to other watersihakbsmbifer is highly
aquatic but usually stays within 2 m of the shoreline (Hebrard and Mushinsky, 1978;
Keck, 1998), although individuals have occasionally been observed moving on land
(Keck, 2004)

Throughout much of its rangl, rhombifer may be the most abundant semi-
aquatic snake (Cagle, 1937; Conant, 1969; Hebrard and Mushinsky, 1978; Keck, 1994).
This may be due to the ability of this snake to persist in borderline haligtsant,

1984), e.qg., borrow and drain ditches along suburban and agricultural areas (pers. obs



Despite relatively high abundances and a broad geographic distribution, little is
known regarding the ecology bif rhombifer, and studies have been conducted in only a
few regions (Keck, 2004). While food habits and reproductidth imnombifer have been
well documented (e.g., Betz, 1963; Mushinsky and Hebrard, 1977; Pluamch&oy,

1984; Aldridge et al., 1995), population structure and biomass have not beendeguite
with the exception of one paper on litter size from extreme south Texas (Juddagnd Br
1996) there has been no study of subtropical populatioNsrobmbifer.

Because this species is an intermediate predator, it may be a major tirdphmc |
aguatic ecosystems. With the increasing threats to biodiversity assomitt an
exploding human population, it has become ever more important to provide basic
information on wildlife populations such as distribution, abundance, and reproduction.
As wetland ecosystems have and continue to suffer enormously from various human
activities (Zedler and Kercher, 2005), informationdmhombifer populations should be
invaluable to management and conservation matters where this species aatedssoc
biological communities occur (Dodd, 1993).

The goal of this study is to fill the void in natural history informationNor
rhombifer in the subtropical region of its geographic range. Specifically, an éstoha
population density is provided using mark-recapture techniques at Santa AoraaNati
Wildlife Refuge which borders the lower Rio Grande. From the mark-recaptide fi
data set, patterns in seasonal abundance, population structure, sex-related size
dimorphism, and size-specific growth are described. Snakes werdamlbedside of the
refuge to examine reproduction. This data set provides information on the onset and

termination of reproduction, litter, neonate and maternal female size, antl mizeiaty



for males and females. Litter sizes are compared with other populationsedowhic

fatbodies are examined for lipid cycling.



CHAPTER I

MATERIALS AND METHODS

Sudy Stes—Field data for the population study were collected on Willow Lake at Santa
Ana National Wildlife Refuge (SANWR) located in southernmost Hidalgon@y,

Texas, U.S.A. (26.0798l, 98.1398W, 25 m elev.). This 845-hectare (2088 acre) refuge
borders the Rio Grande and is situated in a region known as the Matamoran Biotic
District of the Tamaulipan Biotic Province (Blair, 1950). While some 95% of the
regional native flora has been replaced by agriculture and urban developrent, t
remaining plant life within the river floodplain is composed of a mixture of thornscrub,
thorn forest, riparian forest, and wetlands (Jahrsdoerfer and Leslie, 1988). ridue ahi

this region may be classified as subtropical and semiarid (Lonargd E9@il.).

The plant communities within the refuge range from riparian and bottomland
hardwoods dominated by cedar eldirtus crassifolia), anacuaKhretia anacua), sugar
hackberry Celtislaevigata), and Rio Grande askraxinus berlandieriana (Vora, 1990;
Lonard and Judd, 2002) to dry, open shrublands with meséutsofis glandul osa),

Texas torchwoodAmyris texana), coma Bumelia celastrina), spiny hackberryGeltis
pallida), black brushA&caciarigidula), and cenizol.eucophyllum frutescens (Vora,
1990). The variety of these habitats corresponds to differences in topogmaibrand

flood regime (Vora, 1990).



Since the 1950s, the seasonal flooding that once occurred along the Rio Grande
floodplain has been completely interrupted with the construction of upstreasn dam
Consequently, as has been observed in other regulated river systems (Nilsson and
Berggren, 2000), the remaining plant communities which depended on the historic
seasonal overflow of the Rio Grande are threatened. Wetland management on SANWR
has included pumping well water into three main pools, including Willow Lake (Vora,
1990), delivering water from a larger network of irrigation canals outsideftigetre
pumping water directly from the adjacent portion of the Rio Grande, and periods of
drawdown to control invasive plant species.

Vora (1990) described the three shallow ponds at SANWR. These ponds and
other depressed areas where bottomland forests occur are old oxbows (or oé$heas)
Rio Grande. When flooded, the three ponds are colonized by various submergent,
emergent, and floating aquatic plants (Vora, 1990). During drawdown periodsydensel
growing emergents such as cattailgpha domingensis) and bulrush&choenoplectus
pungens) are removed to prevent complete invasion of these ponds. The habitats
surrounding Willow Lake resemble the former resaca bottoms and seadmualgd
plant communities described by Vora (1990). The north side is bordered by a Rio Grande
ash, sugar hackberry, and cedar elm. The remainder is fringed by sugar lyackberr
huisache Acacia smallii), Rio Grande ash, and retaniau(kinsonia aculeata).

Irrigation canals and associated drainage ditches transect much lgfoHida
County. These irrigation canals serve to deliver water from the Rio Grande for
agriculture use and municipalities. Grasses and forbs grow along the bankegexl fr

of the canals above the bank slopes. Trees including wilalix(sp.), sugar hackberry,



huisache, and retama sometimes establish above the water line alorgetigents such

as cattail and bulrush. This vegetation is periodically cleared to prevent backup of
drainage during storms. The network provides pathways where some wildlféimnagl

N. rhombifer can disperse and migrate (pers. obs.). Specimens for the reproduction study

were collected in these canals.

Population Sampling and Data Collection—Population sampling was conducted using
mark-recapture techniques. Snakes were captured using funnel traps (Fitch, 1951)
arranged into two trapping grids (Fig. 1). The grids were erected oow\litike at
SANWR. The traps were run for two consecutive days at biweekly interoais3d
August 1995 to 18 December 1998. Because of logistical problems, sampling effort was
interrupted twice. Consequently, only 61 trapping periods were conducted (Table 1).
The grids were established using 2.5 cm PVC pipes (stakes). The stakes were
arranged into rows ten meters apart. Within each row, the stakes were pl@cecheter
intervals. The first grid was made up of five rows, each with six trapgasliplaced on
the southeastern corner of impoundment #3 of Willow Lake with the long side parallel
the southern shoreline. The grid had a total area of 0.20 hectares. The second grid had
three rows with seven traps each and was established on the northeast corner of
impoundment #4. The long side was parallel to the northern shoreline and had a total
area of 0.12 hectares.
The funnel traps were constructed of 6-mm mesh hardware cloth. The bodies of
the traps were cylindrical and measured 100 cm 108§ cm diameter. Two funnels

constructed of the same material with a 5-cm opening were fitted to each et of e



the trap bodies. The funnels made the lengths of the traps about 160 cm. To allow
snakes access to air at the surface, traps were attached to the gridvskakese clamps
and s-hooks permitting adjustment as water levels increased or decreasegs Wése
adjusted to have no more than 80% of the trap cylinder submerged.

At initial capture, individuaN. rhombifer were marked with passive integrated
transponders (PIT tags; Gibbons and Andrews, 2004). The PIT tags were implanted
subcutaneously with a syringe and 12 gauge modified needle on the right side of the
snhake, anterior to the vent. The tags were each composed of a microchipg enease
glass capsule measuring2@.1 mm. The mass of the tag was 0.6 g and the microchip
had a unique preprogrammed code which was read by a scanner. The code allowed for
identification of individuals upon recapture.

For individual captures and recaptures during each sampling period, the location
of capture, PIT tag number, sex, snout-to-vent length (SVL), total length,(@od mass
were recorded. Capture locations were identified by uniquely numbered 8apsvas
diagnosed following the description of dimorphism by Conant and Collins (1991) and the
method of Gregory (1983) for young snakes. The SVL is measured from the tip of the
rostrum to the posterior edge of the anal plate, and ToL is obtained by measuring the
entire length of the snake. Meteorological data were secured from thA N®les for

the nearest two weather stations located in Weslaco and McAllen, Texas.

Absolute Abundance. —Absolute abundance estimates were calculated using three
methods: minimum numbers alive (MNA), Schnabel, and Jolley-Seber (Krebs, 1998).

Because capture frequency was low and because individuals were obserose foom



one grid to the next in a relatively short period of time, capture data for both grigls wer
combined. The capture data were arranged into a Method B table (Krebs, 1998) on a
spreadsheet which was then used to calculate the population sizes and confidence
intervals (except for MNA which is a direct enumeration). In addition, th&dll-

Seber model was explored by formatting data into coded capture historiespamtinign

the data into the program JOLLY (Pollock et al., 1990). The program provides a
goodness-of-fit test and was accessed from the Patuxent WildliferBleszmter

software archive (Hines, 1988)

Relative Abundance and Seasonality. —Relative abundance was calculated by dividing
the number of individuals captured per month, and per season, by the trapping effort.
Thus, by this definition, relative abundance is defined as the capture frequenisy whic
assumes that the number of captures in a given period with a given effort isiprabort
to the number of snakes using the grids. For convenience, the number of trapping periods
in a given time period was used as a measure of trapping effort instead of nuitndyer of
days. Using the total number of individuals captured and trapping effort per nmointh a
per season, expected capture rates were calculated. To examine seasong) et
expected capture frequencies were compared against the observed captuneiégque
using chi-square goodness of fit tests (Sokal and Rohlf, 1995). Correlation arzddygse
were employed to study the relative strengths in the relationships betingetaace
estimates and physical environmental factors including photoperiod, air teéaorpeand
water temperature. To facilitate comparisons of seasonal patterns of alkeiaoemgy

populations, monthly relative abundances were converted to percent relative abundances
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Population Sructure. —Capture records and growth rates were used to construct size and
age structures at SANWR. As with abundance estimates, data acrosserears w
combined. However, because this analysis examines the structure of the potlati
given time, within the limitations of this study (i.e., low capture rates), dkfise
individuals present in a calendar year, recaptures within a year wereumbéd but

among years were. For individuals that were captured more than once withiroalyea
the first capture record was used. Sex ratios were calculated for tleeséundly period.

To detect any seasonal changes in sex ratios, data from all years wereapdoled
examined by season. Six seasons were observed: early spring (Fébauey-late

spring (April-May), early summer (June-July), late summer (Augugtesgber), fall
(October-November), winter (December-January). Six seasons were ustdrto be
resolve potential changes in sex ratios among seasons throughout a calendar ye
Individuals recaptured within the same season of a given year were only courgdmibnc
were counted again if recaptured later. All sex ratios generated weze ter unity (i.e.,
not different from 1:1) using a chi-square test according to recommendations bf Soka

and Rohlf (1995) when there is only one degree of freedom.

Biomass—Biomass was calculated for each month using the mass structure and
population density values computed from the Jolly-Seber abundance estimateh for ea
sampling period. The average mass for the overall mass structure wadieduby each
density estimate. The biomass values were converted to units of kg/ha tatéacilit

comparisons with literature values.
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Reproduction— Males and females were collected monthly from several sites ingdidal
County, Texas. Most sites were part of the network of irrigation canalsi@aoded one
reservoir. The sites ranged from 1.5 km N°(&634.67” N, 9808'09.52” W, 25 m

elev.) to 34 km N (26°23'1.23" N, 98°09'44.62" W, 27 m elev.) of SANWR. Additional
snakes were taken from other sites when opportunity arose, e.g. accidathsifidem

the mark-recapture efforts described above. Snakes were collected mithaniraps
similar to those described above or more often by hand. Date and location of capture
were recorded for each specimen collected.

Only snakes no less than 10 cm below the minimum size at maturity reported for
either sex (Aldridge et al., 1995) or greater were kept. Specimens vpeffeozen in the
lab until necropsies could be performed. Gravid females were held in the lalvemd gi
water and food ad lib until parturition. Date of birth and sizes (mass, SVL, and tail
length, TL) of the female and neonates were recorded. Sex for neonates wamddte
by manual eversion of the hemipenes (Gregory, 1983).

The mass of males and females was determined to the nearest tenthnof a gr
with an OHAUS® triple beam balance with animal container. Total heaigtl SVL
were measured to the nearest millimeter. Sex specific data werdagcd-or males, the
following data were recorded: (1) the mass, length and width of eachatedt{) the
presence or absence of spermatozoa in the ductus deferens as determined bysspaquene
(Shine, 1980a). The following data were obtained for females: (1) the massesgtinsl len
of the right and left ovaries described as being from the oviductal infundibulum to the
posterior limit of the kidneys by Betz (1963); (2) the number of vitellogeniiclzslin

preovulatory ovaries; (3) the number oviductal eggs or embryos for each ovary and
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oviduct of postovulatory females; and (4) the lengths of the ten largestrostauatures
in preovulatory females or ten largest oviductal structures in postovulatoajefem
The length and seasonality of reproductive activity for both sexes washohetd
by observing the months for which the respective gonads show reproductive condition.
An estimate of the frequency of reproduction in females was determined bydithei
number of reproductively active females (those showing vitellogenesisireogta
oviductal eggs or embryos, and displaying signs of recent parturition) byntipéessize
from the dates during which reproductive activity was observed. To investigat
relationship between female size and litter size, litter size wassged against female
SVL. Because litter size varied with female size, an analysis of eocar(ANCOVA)
using female size (SVL) as the covariate was used to determine tienstlgd of this

trait among subtropical, temperate, and tropical populations (Aldridge £985).

Sexual Sze Dimorphism—Because maximum size may be an indicator of relative size
among species of water snakes (Gibbons and Dorcas, 2004), the same may be true among
populations and between sexes within a population. To examine sexual size dimorphism
(SSD) for body length, the upper quatrtile values for SVL for males araldswere
compared using a Mann-Whitney U test. This test assumed that all individdals ha
eqgual probability of being captured. According to Case (1976) such comparisons among
populations may be less sensitive to age structure than comparisons of means or medians
for the populations being considered.

In general, North American watersnakes display SSD for tail lengthwith)

males having proportionally longer tails (Gibbons and Dorcas, 2004). To ascertain the
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extent of SSD for TL for this south Texas population, TL was plotted against@VL f
each sex and because this scatter plot indicated that TL varied linearlgWitfor both
males and females, an ANCOVA using SVL as the covariate was employdédrnide
the degree of the difference in TL between the sexes.

In the field, adult femal®&l. rhombifer appeared broader in body form than did
males of comparable SVL. To investigate SSD for this character, massedassus
proxy for body form. Mass was plotted against SVL for both sexes and campdre
scatter plot showed slightly different positive curvilinear relations{igs 2). To
determine if there was a difference in this relationship betweemxles,smass and SVL
were log-transformed and the log of mass in grams was regressed dgalogtdf SVL
in centimeters for both sexes. A plot of the slopes of the regression lines egmpari
females and males suggested that the slopes were not homogenous, a violation of
ANCOVA assumptions. The slopes were checked for homogeneity with the general
linear models (GLM) procedure using sex (the independent variable) by log$/
covariate) as the interaction term.

Neonates were also examined for SSD for SVL, TL, and mass. Five neonates
were stillborn (1 female and 3 males) or underdeveloped (1 individual, sex
undeterminable). The underdeveloped, and unsexed, neonate was left out of the analysi
for SSD. Because TL and mass in neonates also vary with SVL as fodéneahorts,
an ANCOVA using SVL as the covariate also was used to examine diffefsgtea=en
TL and mass between sexes. But because the maternal female (i.erjditti¢ntay also
influence neonate size, a two-level mixed model ANOVA (Quinn and Keough, 2002)

was employed treating sex as the fixed factor and litter as a randan &feut-vent-
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length was used as a covariate for the analyses of TL and massndrli#tati as a

random effect allows for inferences to be made about the population (Kingl€xof).

Growth. —Growth rates (GR) were calculated as the change in snout-vent-length (SVL)
in centimeters divided by the time interval between capture in days (Van Devende
1978). Occasionally, individuals captured more than once apparently decreased in siz
giving negative values for growth rates. This was most likely due toiarror
measurement of SVL. Because the power growth model (see below) requiedk tha
growth rates are positive, negative growth rates were elimifiaedthe analysis
described below. This assured that all models were compared with the same bias.

For some individuals that were captured three or more times, consecutitk grow
rates for a capture history of an individual were calculated. While this mjylesent a
sort of temporal pseudo replication (Cox, 1996), doing this allowed more opportunities to
measure growth rates for different sizes. Another measure of groetspécific growth
rate (G), also was calculated for all time intervals for each captuoeyhés was done for
GR. Specific growth rate is the GR divided by size. This value is equivalent to an
estimate of percent increase in size per day (Kaufmann, 1981). Values for G were

estimated according to Kaufmann’s recommendation, where

InSVL, —In SVL,)
At

o

Equation 1

Cross-sectional growth data, i.e. observations of growth for many individuals of

different sizes, were used to examine differences in growth rate Imetmades and



15

females. It has been shown that such data can be used to represent, on average, the
growth trajectories for individuals in a population (Marvin, 2001). Since growth mates f
many organisms are functions of size, cross-sectional GR values werd attest the
algebraic mean SVLSYL) during the time interval in which the change in SVL was
observed (Van Devender, 1978). The same was done for G except that the average size
was calculated as the geometric mean of SMid SVL, (hereafter referred to as S).

Further, G was also plotted against certain transformation of S. The cuaikplofs,

when properly fit as a straight line, describe a different schedule at gioath rate
decreases. These different schedules are more commonly represemeadiseveral
integrated growth curves (Van Devender, 1978; Kaufmann, 1981). The advantage of
using these differential equations (Table 2) is that it allows one to determicie whi

growth curve best fits the data. Further, it allows a comparison of growthsafrve

different treatments with simple linear regression techniques (VamDexel978;

Kaufmann, 1981). Using these techniques, all models were plotted to determine the best
fit growth model. The best fit models were then used to compare growth ratesrbetwe
males and females using an ANCOVA WS¥L or S, depending on the model being
analyzed, as the covariate.

Integrated growth models were constructed for each sex using the parameters
estimated from the best fit differential models (Kaufmann, 1981). The relaifons
between the estimated parameters and the integrated growth models artegiase
Table 2. A well fit integrated model could be useful for estimating age of an individua
size is known (Cox, 1996); however the age at a specific size must be known vilngn fitt

these models. Size at birth could be conveniently assigned an age of zero (t = 0). While
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the size of neonates can be estimated from neonate data, no growth data aetezicoll
for neonates in this study. The mean SVL for the growth increment of thlesmaale
captured was 34.7 cm and 40.2 cm for females. Therefore, the fitted models only
describe growth for males and females greater than or equal to theivespaictes.

An obstacle to fitting an integrated growth model to data from this population was
that age was not known for any individuals. A plot of size versus date of capture (Fig. 3)
suggests that the size of neonates and juveniles captured at Willow Laksinvdar to
those reported by Scudder-Davis and Burghardt (1996). Therefore, the se® rang
reported for one year-old males and females (Scudder-Davis and Burgharjit, 1996
indicate that the ages for the smallest male and female capturedat \Wake were

approximately 365 days.

Lipids—During the necropsies, coelomic fatbodies were removed, dried with paper

towels and massed to the nearest 0.001 g. Regression analyses revealduabdlyat fat

mass (FBM) varied positively with body size (SVL and body mass, BM). caijpj an

ANCOVA using body size as a covariate would be appropriate for group comparisons of
FBM, however the assumptions of equal slopes and homogenous variances among groups
did not hold even after various transformations of the variables. An alternative for
controlling for the influence of a covariate is to compare group variancks cégiduals

from a regression between covariates (in this case FBM and BM)exkteras a residual

index. Another involves calculating an index by dividing each variant by the negpect
covariant, e.g. percent FBM by BM. Garcia-Berthou (2001) and Packard and Boardman

(1999) discussed the flaws in both techniques that lead to systematic staisbical Of
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particular problem in the latter technique is that the underlying assumptiohehaiot
variables are isometric is often violated (Packard and Boardman, 1999). Thus a plot of
the index versus the covariate would have a slope that differs from zero indicating
allometry. Such a case occurs when log-log plot reveals an allometffficieaéof 1 but

the intercept is not 1, i.e. when the relationship is linear but the intercept is nogthe ori
This was the case when FBM was regressed against BM for both sexes.

Because there was still a need to control for the effect of body size on FBM for
group comparisons, an index was calculated but with consideration of the allometric
relationship between FBM and BM. For males and females separatelypdyfandex
(FBI) was calculated for each variant by first subtracting the valtleeakespective
regression intercepts from FBM before dividing by BM. These index valessavcsine
transformed and checked for normality within groups and homogenous variances among
groups before means were compared. When these assumptions were violated, non-

parametric comparisons of central tendency were employed.
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CHAPTER IlI

RESULTS

Capture Freguencies— Since snakes freely moved from one grid to the other, in some
cases the next day, data for the two grids were combined. Between August 1995 and
December 1998, a total of 61 trapping periods were conducted (Table 1). This was
equivalent to 6222 trapays (61 periods 2 dayperiod® x 51 traps). During this time a

total of 254 captures were recorded, for a capture rate of 4.2 snakes per period, or 0.041
snakes per trap day. Because capture rates were relatively low, capauseapooled

for each month. Individuals that were captured more than once in a month were not
counted as recaptures since the entire month was considered the sampling period. This
reduced the number of captures to a total of 232, but increased the mean captare rat
7.5 snakes per period (calculated for 31 periods; Table 3). Of the 232 captures, a total of
78 were recaptured at least once for a recapture rate of 2.5 snakes pkr pPeus 154

individuals were handled at least once (232 captures — 78 recaptured individuals).

Absolute Abundance. —The Schnabel, Jolly-Seber, and MNA methods of estimating
population size for the 0.32 ha combined grid area generated markedly diffetdtst re
for the same mark-recapture data set (Table 4). Overall, the Schnalhed ppeiduced
the highest values, while MNA produced the lowest values. The cumulatrzgave

estimated number of individuals using the Schnabel method was 194.4 and ranged from
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85 individuals in September of 1995, to 250.0 in July of 1998. In general, the Schnabel
estimates increased with time. The average estimated number of indiviithalse
Jolly-Seber method was 47.6 individuals and ranged from 5.0 in October of 1998, to
115.7 in August of 1996. These estimates appeared to vary irregularly displegksy p

in March, August, and November. The average MNA was 14.5 and ranged from three in
October 1998, to 30 in August 1996. The MNA values peaked and dipped similarly to
Jolly-Seber estimates. Although Schnabel population size estimates lganerabsed

from 1996 to 1998, the Jolly-Seber population size estimates were strikingly lower in

1998 than in the previous two years (Table 4).

Relative Abundance and Seasonality. —Monthly capture rates for all individuals were
significantly different from expected captures generated from tgpedfort (Fig. 4A;>
=97.2,df = 10P < 0.001). Thus relative abundances deviated significantly from an
even distribution in most months (Fig. 4B). When the sample was divided by age and
sex, mean monthly captures were significantly different from expecpedrea
generated from trapping effort for juveniles (Fig. 5@3\; 25.2, df = 4P < 0.001), adult
females (Fig. 5By = 53.3, df = 8P < 0.001), and adult males (Fig. 5¢;= 40.5, df =
8,P < 0.001). Thus relative abundances of these three groups deviated significantly from
an even distribution in most months (Figs. 6A, B, and C). Further, there were déferenc
among the cohorts in how abundance was distributed among months (Figs. 6A, B, and
C).

The four-year monthly averages for total precipitation and temperatgre/jFi

varied somewhat from the 40 yr averages reported by Lonard et al. (1991 )vefégea
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annual temperature was 0.2 higher and average total annual precipitation was down
12.81 cm during the four-year period. Correlation analyses revealed strorunsbiqis
between relative abundance and mean monthly air temperature (r =N892,P <
0.001) and mean monthly photoperiod (r = 0.8%% 12,P < 0.001), but not mean total
monthly precipitation (r = 0.31N = 12,P = 0.326). Multiple regression analysis did not
reduce error below that predicted by mean monthly air temperature alobablyr
because photoperiod was colinear with air temperature. While precipitatiorotvas
colinear, partial correlation after holding air temperature constant wasgndtcant (r =

0.004, df = 9P = 0.991).

Population Sructure. —Only 175 capture records fit the conditions to be included in the
population structure analyses. Thus 21 records come from individuals that were
recaptured in at least one other calendar year and counted in the snapshot of the
population structure for that year (Table 5). The results from combining theherna
from all years follow.

The sex of 13 juveniles was either not known or not recorded (Fig. 8). Of the
individuals that were sexed, the majority of males captured in traps (apptrelyi®s2o)
were between 55.0 and 95.0 cm (Fig. 8). No males were observed in categories greater
than 95.0 cm. In contrast, captured females were distributed somewhat evendythem
size categories ranging from 45.0 to 115.0 cm (Fig. 8). Approximately 47% okfemal
were between 55.0 and 95.0 cm, and almost 30% of females were greater than 95.0 cm.
Of the 13 individuals not sexed, 11 were young of the year as they were less than 35 cm

and captured between 25 July and 17 October. The mass structure (Fig. 9) shows that
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females had a broader range of masses and attained much greatethmasdiesmales.
The largest female was 3.7 times the mass of the largest male (T.addtbd&)gh no
attempt was made to separate gravid from no-gravid females. Approximatelyf 86%
males and 37% of females had masses ranging from 101-500 g. While one malé¢ was jus
greater than 500 g, approximately 45% of females attained such masses.

An age structure (Fig. 10) was generated based on power growthsr{smksl ze
and Growth below). The age structure suggests that approximately 55% of all
individuals captured were one and two year olds. Only 3% of males and 23% of females
were greater than five years old. Individuals less than one year oldvikedy
underrepresented making up only 5% of the sample. Even when the 11 unsexed juveniles
less than 35 cm SVL are added, young of the year make up only about 11% of the
sample. Thus all proportions in this age class analysis are biased dyagreater
weight of the 0-1 year old age class.

Sex was determined for 142 of 154 individuals captured. Sixty-one individuals
were recorded as male and 81 individuals were recorded as female. Thishégio
favoring females, did not differ from unity{= 2.54, df = 1P = 0.111). When
excluding juveniles from analysis, a ratio of 58 individual adult males to 69 individual
adult females was observed which did not differ from unity=(0.787, df = 1P =
0.375). A separate analysis of those juveniles that were sexed (n = 25) showed that the
sex ratio (7M:18F) was weakly female biasgg%i:( 4.00, df = 1P = 0.0.046). When all
records including recaptures were combined, males were captured on 105 occakions a
females were captured on 128 occasions. The overall male to female cajuiutiel rat

differ from unity ¢* = 2.27, df = 1P = 0.132).
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When sex ratio is examined by month (Fig. 11), slightly more individual males
were observed in April and May, and more individual females were observed in August
and September. The sex ratio in August was significantly skewed in favoralegegf
=7.042, df = 1P = 0.008). When captures were pooled by season excluding recaptures
within a season, the overall male to female ratio was 99:124 and did not differ from unity
(x* = 2.80, df =1P = 0.094). When the pooled data were examined by season, only the
ratio in late summer (August-September) was significantly febiated (15M:37F* =
8.48, df =1P = 0.004). In all other seasons, the ratios did not differ from uBity (

0.487 for other seasons).

Biomass— The average mass used to determine biomasses for each sampling period was
396.3 g/snake. Biomass values ranged from 0.3 kg/ha in October 1998, to 6.4 kg/ha in
August 1996. The average biomass calculated from individual biomass values for each
sampling period was 2.60 kg/ha. As expected, biomass for Willow Nakembifer

varied with density (Table 4), thus the values are apparent and related toctnatiyera

the trapping grids.

Reproduction— Seventy-one females and 54 males were collected for the reproductive
study (Table 6). Of these individuals, 21 females displayed some form of repreducti
activity (i.e., had enlarged follicles, oviductal eggs or embryos, or evidence of rece
parturition in the uterus) and 53 males had sperm in the ductus deferens. Reproductive
females ranged from 75.5 to 112.7 cm SVL and 494.0 to 1564.5 g, while mature males

ranged from 51.8 to 78.8 cm SVL and 86.1 to 481.4g.
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Three litters were born in the lab to females ranging from 83.0 to 89.0 cm SVL,;
birth dates were from 19 July to 12 September (Table 7). Litter sized%etd, and
17, and overall female to male sex ratio was 20122(0.024, df = 1P =0.877). The
sex for one underdeveloped neonate was not determinable. For the three litters
combined, the mean neonate sizé §E) was 22:40.32 cm SVL (range: 17.3-25.0 cm)
and mean neonate masd (SE) was 9.08.32 g (range: 3.10-11.57Q).

Enlarging follicles were observed as early as 27 May, oviductal sgegmlg as
31 May, and oviductal embryos as early as 28 June. Vascular spots in the uterus were
observed as late as 30 September, which is likely a conservative date famihatten
of the reproductive season (Fig. 12A). Males showed an increase in averagtatesti
mass from mid-August to late October and perhaps into November (Fig. 12B). This
indicated that spermatogenesis in males occurred while females iWeyagid or
giving birth.

The three litters born in the lab and the dissections of 14 females provided
estimates of litter size. The average litter size$E) for Hidalgo County, Texas was
15.4+2.03 (N = 17) and ranged from four to 39. The average female=&1z8K) was
91.66-2.912 cm SVL. Litter size was strongly correlated with female S\AQ.721 N
=17,P=0.001). Despite femaNerodia rhombifer from Hidalgo County being larger
in SVL compared to populations from east-central Texas, and Veracruz, Mexicmt
Arkansas, mean litter size ranked lowest (Table 8). A general linear n&idd) (
procedure testing for the interaction between female SVL and location among
populations indicated that the slopes of the regressions of litter size \arsle S5VL

were homogenous (Fig. 1B3s5= 1.59,P = 0.202). After controlling for female SVL,
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there was a significant difference in litter size among populations (ANC®3 5=

6.98,P < 0.001). Pairwise comparisons of the marginal means for litter size suggested
thatN. rhombifer from the south Texas population had significantly smaller litter sizes
than both the Arkansas and Veracruz populations, but not the east-central Texas

population (Fig. 14).

Sexual Sze Dimorphism—For size comparisons, if an individual was captured more than
once only the first capture was used to meet the assumption of independence. On
average, females were larger than males for both SVL and mass but not Tdq) ddolt
because population structure may influence comparisons of means while invegtiga
sexual size dimorphism, comparisons of upper percentiles may be more instatee (
1976). A Mann-Whitney U test indicated that the upper-quartile female SVL,dmedi
106.0 cm, range = 97.3-120.0 ch= 19) were significantly greater than that for males
(median = 82.0 cm, range = 76.8-93\65 16;U = 0,P < 0.001).
Tail length and SVL were positively correlated for both females amelsnigig.
15). After controlling for the effects of SVL, males had significantBaggr TLs than
did females (ANCOVAF; 135= 16.07,P < 0.001). Mass and SVL were strongly
correlated for both sexes after log transforming the data (Fig. 16). Howleeslopes of
the regression lines were not homogenous (GLM interaction term sextQ\ik;i=
4.75,P = 0.031), indicating that females gained mass at greater rates than did males
For three litters born in the lab (Table 10), there was a significant in#uzn
maternal female on neonate SVL, but SVL did not differ between sexes (Tabla 11

graphical analysis showed a tendency for larger females to produce bothalgeand
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female offspring (Fig. 17). There were strong positive correlationgleetneonate SVL
and neonate TLr(= 0.840N = 42,P < 0.001) and between SVL and mass (0.937 N
=42,P<0.001). Neonate mass and neonate TL also were strongly influenced by
maternal female (as expected from proportional relationships between thaesees of
size and SVL), but after accounting for both SVL and maternal femaldsgféedy TL
was significantly different between the sexes (Table 11); males had [Boge
(Estimated Marginal Meang1 SE) for TL at 22.6 cm SVL: male = 685055 cm,

female = 6.220.067 cm).

Growth. —The power model best fit the growth data, while the Von Bertalanffy models
explained the least amount of variation associated with size related grtegtiiTrable

12). Because of a violation of the assumption of independence (some repeated measures
were used) the regression lines were not compared to make formal infesboce

growth rates between males and females. Although there was no signifitenende in

growth rates, InG, between males and females after controlling forrsszANCOVA.:

F1 64=2.141P = 0.148), considering that growth rates were highly variable, the

regression lines suggest that females grew faster at a givehaizenéles and that the

rates decreased with increasing size (Fig. 18). Nonetheless the top dleds were

integrated for visual comparisons (Fig. 19). Since only the power growtescwere

used to construct the age structure above (Fig. 10), only those equations are prayided: F
19A; femalesS(in mm) = [8.405E6(Age (in days) — 320.9)]3387"; males:

S(in mm) = [6.106E6(Age (in days) — 309.5)]3373"". The equations for the other

growth curves can be constructed using the relationships between theioegres
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coefficients and the respective differential and integrated growth egsdiiables 2 and

12). All growth curves show that females grew at faster rates thias.mBhe growth

rates for males declined more rapidly, diverging from females aeketd and 2 years of
age. The asymptotic growth rates for males occurred at appro¥idtem and 102 cm

for the logistic and Gompertz curves respectively (Fig. 19B and 19C). Falefea

rapid decrease in growth occurred at about 2.5 years of age for all curves,lbgistie

and Gompertz models approached asymptotic growth at approximately 106 cm and 111
cm, respectively (Fig. 19B and 19C).

Because specific growth rat@)(is considered to be a percent increase in size per
day (Kaufmann, 1981), the associated regression equations from Table 12 cahtbe use
estimate this parameter. This was done for the power model. As expectatdrom
regression coefficients, females grew at faster rates naeghasra percent of body length
than males at comparable sizes and both male and female specific grewtheaeased

with size (Table 13).

Lipids— Females were significantly larger and had significantly morstéaéd in body
cavities than male$>(< 0.001 for all comparisons; Table 14). In maNs=(52), fatbody
mass (FBM) was positively correlated with both SVI=(0.487,P < 0.001, Fig. 20A)
and body masg € 0.689,P < 0.001, Fig. 21A). Females also a showed positive
relationship between FBM and both SML=0.438 N = 42,P = 0.024; Fig. 20B) and
body massr(= 0.636,N = 41,P < 0.001, Fig. 21B).

The fatbody index (FBI) was strongly correlated to the residual index frem t

regression of FBM against body mass (BM; Fig. 22), therefore FBbagg¢o
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adequately control the effects of body size on FBM. Scatter plots of FBlégluaved

that FBI values for males were generally lower in spring but began t@asecby mid-
summer (Fig. 23 A). Quiescent and reproductive females did not appear to have a
discernable pattern although data for spring and mid- to late-fall in@ted (Fig. 23 B).
When FBI values were grouped by month, differences in FBI values among morghs wer

significant for males (Kruskal-Wallis tegt® = 21.70, df = 7P = 0.003; Fig. 24 A) but

not for females (Kruskal-Wallis test® = 8.78, df = 7P = 0.269; Fig. 24 B).
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CHAPTER IV

DISCUSSION

Capture Freguencies—While there was an overall recapture rate of approximately 33%
(range = 0 - 100%), the actual number of captures per sampling period was bow=me
7.7, range = 0 - 19). Six of the periods had no captures and half of all trapping periods
had no more than five total captures. Such low rates of capture appear to be common
among studies of snake populations. Parker and Plummer (1987) cite reduced
“tractability” when compared to studies involving other types of animaigy Thention

four factors for this reduction which include often being inconspicuous and nocturnal,
having inactive periods, low apparent densities, and displaying irregular andiexte
movements. Sampling aquatic snakes may add an additional dimension of lessened
tractability as their habitat is a virtually hidden, three-dimensispate. For example,
using a similar method of trapping as in this study, Keck (1998) had a return of just 12%
of 284 semi-aquatic snakes that were originally marked. The snake spduges

samples in order of decreasing capture frequency inciNddwmbifer, Nerodia

erythrogaster, Nerodia fasciata, andAgkistrodon piscivorus.

Absolute Abundance. —The population size estimates (Table 4) likely have bias, low
precision, or both. To better explain the bias in the Schnabel estimate, it mayebécea

view all mark-recapture estimates as being based on the Linca@rséemethod: the
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proportion of marked animals in a subsequent sariiplds directly related to the
2

proportion of all animals previously marked in the populatzrngr(Greenwood, 1996).

Thus,

N = mr;—rzlz Equation 2
If capture rates are low, especially recapture rates as in othes {Rakker and
Plummer, 1987), the population size estimalgsyill be positively biased.

The Schnabel estimates generally increased over the study period fgust Au
1995 to November 1998, probably because of recruitment by way of births (or at least
individuals moving up into the catchable population) and migration was likely. Quite
simply, the snakes from the Willow Lake population were moving into and out the
trapping grids from throughout the lake. Given a reasonably sized population, it may be
that more unmarked snakes immigrated into the grid than emigrant-maedess svere
reentering. Since the Schnabel model does not provide for losses with replacement
study populations (definition of a closed population), recruitment before a sampling
period would continue to decrease the ratio of marked to unmarked snakes in each of the
subsequent samples over the duration of the study. Assuming that the probabilities of
natural mortality for both marked and unmarked snakes are the same, which would not
affect the estimation (Hayne, 1949; Krebs, 1998), the decreasing ratio \aoskl the
observed increase in the Schnabel estimates over time. Emigration away fijast not
the trapping grids but from Willow Lake entirely, while less likelyXorhombifer than

for other semi-aquatic snakes (Hebrard and Mushinsky, 1978; Keck, 1998), would have
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the same effect as natural mortality unless marked animals areiketyéd emigrate or
emigrants are replaced from outside. In which case, the result would flifthierthe
number of marked animals available for recapture and also cause a positive a
increasing bias in consecutive estimates.

The bias associated with the population size estimates discussed fannhbec
method should be removed with the Jolly-Seber method since it is designed for open
populations (Krebs, 1998). For a series of at least three trapping periodsstise bia
handled by the addition of an estimate of the number of individuals marked in the
population at the time of samplin}fJ. The estimated number of marked animals
includes three new terms: the number of animals marked and captured befopéea sam
but not captured until a future sample is takgntfie number released at the time of
sampling R), and the number of released from the current sampleR).ef,which a

number () are subsequently captured. The estimate is calculated as follows:

M= % +m Equation 3
And the Jolly-Seber population size estimate is then,

N=—=—+n Equation 4

In Equations 3 and 4 andm are the same as andm, from Equation 2. The
difference is that the number marked previously,is now replaced with the estimate

M. This adjustment allows for flux in the proportion of marked animals which occurs in
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real (open) populations. Thus the Jolly-Seber estimatés ftnombifer in Table 4
should be unbiased assuming that all individuals have an equal probability of being
captured, an assumption of all mark-recapture estimators mentioned (#bDyckson,
1983). While the Jolly-Seber population estimates here may be free of biass there
virtually no confidence in them as the percent relative precision (Greenwood,fa996)
the population estimates ranged from 118-1600%. The extremely broad confidence
limits are a consequence of small sample sizes that result in largadtandes for
population estimates (Parker and Plummer, 1987).

The reason for the significant decrease in the Jolly-Seber population size
estimates for 1998 is not entirely clear (Table 4). However, during the mid-1880s, t
region suffered a string of drought years. Because local wateruetyss resacas,
irrigation canals, and wetlands are artificially flooded from reserugissream from the
portion of the Rio Grande that borders southern Hidalgo Cobintjaombifer
populations are not likely to suffer significantly during dry years. But, apebion for
dwindling reservoir water increased during the mid-1990s, local water aythorit
restrictions caused Willow Lake to dry up in late 1997. Consequently, trapping effort
was halted by September 1997. It is likely during this period that individudis of t
Willow Lake N. rhombifer population either migrated or perished. Indeed, one
previously marked individual from Willow Lake was captured approximately 500 m
away in a low laying pond (Pintail Lake) that still contained water during the
intermission. This may help explain the significant drop in Jolly-Seber aioqul

estimates when Willow Lake was again flooded and trapping resumed ih V298.
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The MNA has no estimate of precision because it is an enumeration method.
Jolly and Dickson (1983) have shown that the use of MNA as a measure of population
size will consistently provide underestimates. At best, when catchabihtgh MNA
approaches the true population size (Krebs, 1998). The Jolly-Seber populatiatessti
N will be equal to MNA when the following condition is mat= R—r = 0; whereu is
the number of unmarked individuals in the sample (Jolly and Dickson, 1983). Thus from
Equation 4, whem=nandR=r, N =z+n=MNA. This may be illustrated with
tortoises which may be considerably more catchable than snakes. In a poptudiion s
of the Texas tortois&opherus berlandieri (Judd and Rose, 1983) all five MNA values
reported were negatively biased (percent difference range: 0.60 — 43%),endour of
the five annual estimates had a percent difference of less than 19%. rast @il but
one of 28 monthly MNA values for thid. rhombifer population were more than 40%
lower than the Jolly-Seber estimates (percent difference range: 0 — 87%)nelhe
exception was in December 1996, when no snakes were captured despite 204 trap-days of
effort that month. In this case, MNA was equal only, tice. previously marked snakes
that were later captured in subsequent trapping periods. Thus in December 1996, at leas
12 snakes were known to be alive even though there was no apparent activity in the
trapping grids.

The biases and low precisions of the population estimat®s fbombifer in this
study (Table 4) limit their use for species management or studies invplwngation
and community dynamics. Caution should be taken when using these reported values to
calculate density and biomass, not only in recognizing the errors previouslgsid but

also recognizing that the study area is greater than that of the twagjitdividuals
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regularly moved into an out of the grids. Using merely the areas of the gitidsosi
likely introduce a positive bias inflating density values (Krebs, 1998) and further
confound the interpretation of the original abundance estimates.

There are four lines of evidence that justify both combining the data fr@tab
grids (see methods) and using the area that makes up all the impoundments of Willow
Lake to estimate the density for tNerhombifer population. First, snakes readily moved
from one grid to the next. Of 154 individuals that were recaptured, 23 were captured at
least once in each of the grids. Four were recaptured in the other gridytmexeday.

Four individuals were captured in one grid, then recaptured in the other grid, and then
recaptured again in the original grid of capture. Second, the total areaobithieow

Lake is approximately 7.2 ha which is just above the upper home range limit rdported
T. Michot forN. rhombifer in Louisiana (Keck, 2004). Keck (2004) also reported a
mean range length (maximum distance between any two points) of 678 m. Third, other
investigators reported thit rhombifer was typically found no greater than 2-3 m away
from the water (Diener, 1957; Hebrard and Mushinsky, 1978; Keck, 1998). Lastly, in
this study, there were 155 captures recorded in rows 3, 4, and 5, with offshore
distancesperpendicular from the main grid axe$ about 20, 30, and 40 m, respectively,
suggesting that snakes were not limited to near shore water.

Conceptually, the entire lake can be viewed as a large cauldron in which marked
snakes mixed back into the population. As snakes went about their activities during
trapping periods, the grids acted as a sieve in which random samples of the medir
taken. Because there is no evidence to suggest that snakes were not using dre&ntire

of Willow Lake or to a significant degree were not restricted to the andélloiv Lake
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where the traps were located, the most conservative density estimate shouldd the
entire area (7.2 ha) of Willow Lake. A less cautious density estimate wautthlysthe
areas of the impoundments where the trapping grids were located, approxbriatedy
Using the most conservative value for the size of study area, the maximum
density forN. rhombifer at Willow Lake is 16.1 snakes/ha (Table 4). The one attempt at
estimating density foN. rhombifer from Louisiana was reported as a linear density of
180.7 snakes/km (Hebrard and Mushinsky, 1978). Because the value is given as a linear
density and some details regarding the application of the population estimmetihod
were left out, it is difficult to make comparisons. However, given the desxriptithe
Louisiana study site and using the same rationale in determining the stadybave
(see also Fig.2 of Laurent and Kingsbury, 2003: 27%. ohombifer were observed > 15
m offshore), the linear density estimate converts to a true densityaesthi?4.1
snakes/ha, a value slightly higher than the Willow Lake population.
There are few reports on the densities for snakes of the bemdia (Gibbons
and Dorcas, 2004), probably because of the difficulty in obtaining adequate capture-
recapture data. However, Brown and Weatherhead (1999) estimated values of 25 and 28
individuals/ha foilN. sipedon which are comparable to 24.1 snakes/ha (calculated from
Hebrard and Mushinsky, 1978) and the maximum estimate of 16.1 snakes/ha for this
study. In contrast, Fitch (2000) reported a density of 0.30 individuals/ha $goedon
from Kansas and King et al. (2006) reported a median density of 141 individuals/ha
(range: 11-1107 individuals/ha) for the Lake Erie watersrdk&pedon insularum,
representing extreme density values for the genus. Of the densitgtestreviewed by

Parker and Plummer (1987) for 57 snake populations, halfsv@redividuals/ha of
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which almost three quarters wetd individual/ha. Thus the maximum density

estimated for Willow Laké&\. rhombifer in this study of 16.1/ha is well above the

median. However, higher densities have been reported for other snakes including those
mentioned above fdX. sipedon, 20 individuals/ha for tiger snakdetechis scutatus

(Bonnet et al. 2002), 107 individuals/ha for the plains gartersiaenophis radix

(Stanford and King, 2004), 430 individuals/ ha for the rough green Syaieadrys

aestivus (Plummer, 1985), and 1289 individuals/ha for the striped crayfish Segkaa

alleni (Godley, 1980).

Relative Abundance and Seasonality. —Because capture rates may be considered indices
of relative abundance and short-term changes in abundances are often influenced by
activity patterns (Parker and Plummer, 1987; Willson et al., 2008), the obsaptadec
rates forN. rhombifer at Willow Lake strongly suggest that activity varied significantly
among months (Figs. 4A and 5A-C). However, the activity pattern was not apparent
from absolute numbers of monthly captures until they were corrected for monthly
sampling effort (Table 1). For adult and juvemlerhombifer combined, activity

appeared to have two peaks, one in late spring-early summer and the otinir fale

(Fig. 4B). ThusN. rhombifer from Willow Lake may exhibit a slightly bimodal activity
pattern, one of two typical activity patterns seen in temperate zone snakes such a
Heterodon spp. and/irginia valeriae (Gibbons and Semlitsch, 1987). Interestingly,
other semi-aquatic snakes belonging to the closely related deagena andSeminatrix

as well as congeners may exhibit a unimodal pattern with most activity ocaarring

spring and early summer (Gibbons and Dorcas, 2004). Howgsmanatrix pygea from
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South Carolina may also have a bimodal activity pattern, though data coll&oim this
population occurred only during one field season (Winne et al., 2005). Indeed, inter-year
variation in relative abundances can influence attempts to describe guaitveyns in
shake populations. For example, in this study, in September ofNL9B&mbifer were
captured at a rate of 0.17 snakes/ttap but in September of 1998 rhombifer were
captured at 0.024 snakes/tdgoy, an apparent 7-fold drop in activity. The reason for
such a drastic change in relative abundance is not clear but highlights thieameaf
considering the duration of sampling regimen when generalizing actatitgrps for
populations using capture frequencies.

When comparing geographically distinct populationslafhombifer specifically,
there appears to be no pattern in peak activity with latitude (Fig. 25). Therensere
major peaks in activity for the tropical Veracruz population (Manjarrez anda;a
1991), the first in April and the second in June. For subtropical south Texas, activity
appears to initially peak in May, but remains high through September. In Astensi
Parish, Louisiana\l. rhombifer displayed a pronounced peak of activity in July
(Mushinsky et al., 1980), while in Titus County, Texas peak activity appeared to happen
earlier in June (Keck, 2004). In all populations, activity apparently decreases
precipitously by early to mid-autumn and remains low through winter and earlg s
The unusual peak in September for Hidalgo County, Texas (this study; Fig. 2beraa
least in part due to several neonates occurring in the September sangpl8f (fowever
even when all juveniles were excluded and adults examined separately a se¢and pe

activity still remained in September. Therefdderhombifer from extreme south Texas
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may have an extended and sustained period of peak activity as measurativey rel
abundance.

The comparisons of seasonal activity among populations may be confounded by
biases associated with sampling techniques (Keck, 1994), yearly variation in
climatological factors (Manjarrez and Garcia, 1991), and seasonal charigsavior of
subpopulations (Fitch, 1987). For example, while not the objective of their study, the
peaks in activity observed by Manjarrez and Garcia (1991) occurred during the dry
season when water pools were drying, concentrating the fish the water sveie
preying upon. Further, the two peaks calculated in Fig. 25 were the resultaginger
two years of data collected by the investigators in which the peak abunddtex fstim
July in one year to April in the next. The authors attributed this change in peaty acti
to annual variation in temperatures and water levels (Manjarrez and Garcia, TB8%)
the bias here resulted from major changes in available habitat to the popuonakiog
among season comparisons of abundance within the population and among the other
three populations dfl. rhombifer (Fig. 25) difficult.

In comparing the three other populatidsighombifer from the United States
(Fig. 25), there is evidence that suggests that the use of funnel traps to sample s
aquatic snakes may be biased to sampling foraging snakes as the trap®cen bec
naturally baited (Keck, 1994; Winne, 2005). However, even if snakes are engaged in
other activities associated with fitness such as basking or mate sgdfshihons and
Semlitsch, 1987), separating the behaviors on the time scale in which the naaitady
traps mechanically sample snakes may not cause biases that wouldoaiffieatisons of

seasonal activity patterns. For example, springtime males that mgyg foraging to
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search for mates may actively pursue foraging females into trag&(abra and

Valadez, 2007). Indeed, multiple snakes of both sexes were captured in individual traps
on several occasions during sampling. Furthermore, individudombifer have been
observed basking while others are foraging (pers. obs.).

With respect then to these possible biases, although. thembifer population
from Hidalgo County in this study and the population from northeastern Texas were
sampled with naturally baiting funnel traps while the population from Louisiasa w
sampled by active searches (thought to favor capture of basking snakédbysGand
Dorcas, 2004), any biases associated with either technique should not influenge relati
abundances so long as the techniques were systematically used throughout theerespec
studies. Therefore, the differences in activity patterns discussed aboeasured by
relative abundances should represent actual disparities among the thregqmspala
least for the years in which the respective populations were sampled. t€éhdesk
period of activity and bimodality seen in south TeMashombifer were strikingly similar
to other snakes from the Everglades National Park, Florida (Dalrymplel©©4l), an
area with a similar subtropical climate to south Texas.

AlthoughN. rhombifer was not captured in January and December in some
studies including December for this one (Fig. 25), other authors have anecdotally
reported this species to be active throughout the year (Aldridge et al., 1995; Tu and
Hutchison, 1995). Vermersch and Kuntz (1986) wrote that in Bexar County of south-
central Texas this snake has been observed basking on branches a few feet @bave wat
mid-winter when air temperatures were above 2C.7This is consistent with the

generalization that species which hibernate for long periods of time in thestoc@d®mns
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of their range may hibernate for shorter periods in warmer areas, even figcomi
intermittently active during the cold season (Gregory, 1982). It seems rekesthremn
that the lack of captures in this study for December was due to reducety actikrie
cooler months coupled with low capture rates in the trapping girds (Table 3).

Of the meteorological variables examined, temperature explained the most
variation (80.4%) in activity for Willow Lak®l. rhombifer. Photoperiod also explained a
significant amount of variation (72.4%) in activity. The difference in explapgimwer
may be due to lag in air temperature change when compared to change in pbubtoperi
(Fig. 7). This strong influence of temperature on activity in reptiles isdeelimented
(Gregory, 1982) and likely due to environmental constraints on the ability of soakes t
regulate body temperatures that optimize important activities such atialige
reproduction, predatory escape, and growth (Lillywhite, 1987). It is important to point
out that the correlations between relative abundance and the meteorologatdésar
were performed on average values across years for each month thus damperahg a
variation in activity patterns. When the data were reanalyzed by yeaeranre
explained only 36.1% of the variation in relative abundance highlighting inter-year
variation in activity. Thus, within years there is much unexplained variatioriuityac
which may be due in part to the limitations of the sampling design (2 to 5 field
days/month), especially as snake activity can vary greatly from day teittan a
season (Brown and Shine, 2002).

That precipitation had no apparent influence on this population should not
eliminate this factor from consideration especially in areas tiparexce wet and dry

seasons (Reynolds, 1982; Manjarrez and Garcia, 1991; Brown et al. 2002). Higtorical
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before anthropogenic influence, the local hydrologic cycle which included awsrtf
the Rio Grande may have had a strong influencd.ahombifer abundance. On a broad
time scale, though, the extended activity period for Willow Uskehombifer may be
most influenced by shorter and milder winters.

The activity patterns varied among subpopulations. All groups showed dips in
activity in July or August (Fig. 6A-C). The general causative fadtorghis reduction
are not clear as any risk from reaching upper thermal tolerance limitsdarced by the
apparent nocturnal activity of. rhombifer (Mushinsky et al., 1980). However, the peaks
for each group may be explained by differences in the types of activitiesiogowithin
each group. Most of the activity for juveniles should be associated with agoemergy
for growth. The increased peak in late summer and early fall is atrqzst due to the
inclusion of young of the year in the samples for August and September (Figs.&)and 6
This has been observed for other viviparous snakes (Dalrymple et al., 1991). In
northeastern Texas, Keck (2004) also observed greater than expected numiverslef |
N. rhombifer during July-September, although statistical significance was observed only
in mid-summer. As mentioned earlier, this also helped contribute to the second peak
activity for the overall Willow Lake population (Figs. 4B and 25).

The peak for adult females in May and relatively sustained activity until

September (Fig. 6B) are consistent with feniNdeodia continuing to feed throughout
the reproductive season (Aldridge and Bufalino, 2003). For specimens colledies fo
reproductive study outside of the refuge, three reproductive females, oregeié, one

with oviductal eggs and one with embryos, had food items. While this constituted a
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small percentage (20%) of reproductive females sampled, the individualselected
by hand while active and presumably foraging.

Adult maleNerodia rhombifer were more bimodal in activity than adult females
and reached peak activity in April, at least a month before females (Femdb8). The
earlier activity is presumably due to aphagic male mate sear@lEngon-feeding males
regardless of proximate factors but correlated to mating activity) ataheof spring
activity followed by resumed feeding later in the active season (GiblbonSemlitsch,
1987; O'Donnell et al., 2004). It is interesting that Willow Lake maldombifer were
readily captured during the months of April and May (Fig. 6C) when mating iseepo
to occur (reviewed by Keck, 2004; Zamora and Valadez, 2007). Conversely, Winne
(2005) observed an underrepresentation of males in early spring samples of funnel-
trappedS. pygaea. He hypothesized that the funnel traps, which become naturally baited
(Keck, 1994; Winne, 2005), were biased toward capturing foraging females and that
males were foregoing feeding to search for females. If this is true dadNnmaombifer
do not take food during the breeding season, then Malembifer may be more likely
to pursue foraging females into traps than nsafg/gaea. There may be, of course, other
possibilities to explore in both cases; male pursuit of females into trapdgs@

possible solution to this inconsistency.

Population Sructure.—Other than a few accounts of sex ratios, there are no reports
detailing population structure f&t. rhombifer. This may be due in part to the difficulty
in sampling all age groups, especially juveniles, which are typically updesented

from field captures (Parker and Plummer, 1987). This was true for thisadlatynost
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10% of the sample was made up of young of the year (including the 11 unsexed
juveniles). This was due at least in part to the funnel traps themselves wiadbelea

shown to have increased escape rates for smaller snakes either througin¢he f

opening or directly through the mesh from the hardware cloth used to construgbshe tra
(Willson et al. 2005). Indeed one such event was observed when a neonate became stuck
in the mesh because of the bulge in the abdomen from a recently ingested prey item.
There was, however, no reason to suspect that the traps used in this study wenmgexcludi
larger class sizes from sampling (cf. Willson et al., 2008). Therefbszalgroups

greater than young of the year cohort were assumed to be captured roaghdyngcto

their proportion in the population.

The difference in size distributions between female and male Willow Nake
rhombifer (Figs. 8 and 9) was expected as members of this genus exhibit female biased
sexual dimorphism (Gibbons and Dorcas, 2004). The extent of this dimorphism for
Willow Lake N. rhombifer is discussed below. Ecologically, this difference is
significant. Including juveniles, females made up approximately 75% of thegbiopul
biomass. Even if more juveniles were captured, this estimate would probably not change
much. Thus, female watersnakes are significant in contributing to productiabglgy
serving as important links in matter cycling and energy flow in the Willake
ecosystem (Pough, 1980). As with other snakes, the size differences allow for the
exploitation of different food sources (Mushinsky, 1987). Because juvenile, male and the
larger femaleN. rhombifer may partition food by size (Kofron, 1978; Plummer and Goy,
1984; Manjarrez and Garcia, 1991), size may dictate where these subpopulations forage

(Mushinsky et al., 1982). The small number of juveniles observed during sampling could
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also be partially explained if traps were not placed in areas where jevesgldarly seek
prey.

The age structure for Willow Lakg. rhombifer (Fig. 10) reflects the paucity of
juveniles in samples, however assuming that proportion of individuals assigned to each
age group by the sex-specific growth curves (see below) is represenfa relatively
stable population over the four years of field work some useful information may be
inferred. Using the further assumption that yearly survivorship ratesm@astaat at ages
> 1, the inverse mortality rates can be estimated with simple exponential Bega36].

The data suggest that after age 1 is reached, annual mortality rategharddn males
(56%) than for females (30%). Overall, the annual mortality rate is high at #6856, t
annual survivorship is low. This and other data associated with reproduction and growth
are consistent with demographic characteristics exhibited by otthemn@aturing

colubrids: low adult survivorship, low longevity, short cohort generation time, high
fecundity, and annual reproduction (Parker and Plummer, 1987). Although information
on population structures foferodia species is limited (Gibbons and Dorcas, 2004), the
age structure for Willow LakB. rhombifer appears to agree well with the age structure
reported for a population ®f. sipedon from Kansas (Fitch, 2000) suggesting similarities
in mortality schedules. Because juveniles from age group 0-1 yr are likely
underrepresented in the sample the mortality rates presented her@batsypr
underestimates. Thus annual survivorship may be lower.

The overall primary sex ratio for the three litters born in the lab did not differ
from unity (Table 7). The secondary sex ratios varied somewhat depending oty the wa

the sample was broken down. In examining the total number of individuals captured
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throughout the study (excluding any records of recapture) no significant ddésrevere
found for the entire population (61M:81F) or for adults only (58M:69F). While neither
was significant, the slightly female-favored overall secondary sex raagdue to

higher mortality rates from males (Fig. 26). The skewed sex ratiognsAFig. 11)

was due to greater activity of females compared to males. Alteglyatmales displayed
greater increases in activity in beginning in early spring (April-Malyile female
increases lagged until May-June (Figs. 6B and C). The earlier increasake iaativity

are echoed by the shift in male to female sex ratios from > 1.0 in April andoMay.0

in June (Fig. 11), but these differences were not significant. The early spruity &at
males is likely due to mate searching (Gibbons and Semlitsch, 1987). Such early mal
activity has been observed in another populatiadd. ohombifer (Keck, 2004). But the
reason for the abrupt decline in male activity in August that led to a fdnasked sex

ratio for that month is not readily apparent.

Biomass. —Explanations for the proximate factors influencing variability in densities
among populations discussed above are largely absent. Nevertheless, bghitemagi

be gained by examining biomass and secondary productivity. The maximum biomass
calculated for the Willow Lake population Nf rhombifer, 6.4 kg/ha, ranks among some

of the highest values available for snake populations. Iverson (1982: Table 2) ceviewe
estimates of biomass for 38 snake populations; the maximum was 4.6 kg/ha. Other high
biomass estimates include 6.3 kg/haNoscutatus (calculated from Bonnet et al. 2002),

7.1 kg/ha forO. aestivus (Parker and Plummer, 1987), and 30 kg/h&Ralleni (Godley,

1980). At the other extreme, some snake populations may have standing crops one to
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two orders of magnitude lower (see Fitch, 2000). Among the likely proximatedactor
influencing the unusually high density and biomas$fa@lleni include extraordinarily
high primary productivity, its trophic position and its relation to highly abundant prey
nearby alternative exploitable habitats, and reduced competitive and predassiyres
(Godley, 1980).

With exception of herbivorous mammals, the maximum biomass for Willow Lake
N. rhombifer exceeds that of other mammals and all birds reviewed by Iverson (1982).
Ultimately, such a high biomass is to be expected as ectothermic vegdimagelower
energy requirements and comparable, if not higher, productivity rates than most
endotherms (Pough, 1980). The population structure for Willow Nakkombifer (see
above) is typical of early maturing colubrids with high mortality réesker and
Plummer, 1987). Assuming a stable population, this would suggest a relatively high
population turnover requiring a necessarily high productivity. While the densityadsti
on which the biomass calculation is based is preliminary, it appearbltihabmbifer

plays a significant role in shaping ecosystem dynamics at Willow Lake.

Reproduction— Distinguishing between mature and immature females was somewhat
problematic, because corpora lutea (both during pregnancy and lingering, ésedesgr
Betz, 1963) were difficult to identify. This may have been due to freezing antiegte
cold storage of specimens. Consequently, the identification of reproductive$enss
based on individuals with vitellogenic follicles, oviductal eggs or embryos, fertraée
gave birth, or females that displayed a distended uterus with reddish spots (herei

referred to as uterine spots) which were assumed to be recently post-piartline
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uterine spots were considered to be areas of increased vascularizaticatessath the
site of attachment of embryonic membranes to the lumen of the uterus asSeen in
pygaea (Sever et al. 2000). Litter sizes were determined by counting all ovicggs)
embryos, neonates, both live and dead (Gregory et al., 1992), and number of uterine spots
acknowledging that overestimation may be possible with all structuregtdac@eonate
counts (Bonnet et al., 2008).

The smallest reproductive femalerhombifer in this study (75.5 cm SVL) was
within the range reported for populations from Arkansas (78.5 cm: Plummer, 1992),
northeastern Texas (71.8 cm: Keck, 2004), Louisiana (68.8 cm: Kofron, 1979), and
Veracruz (67.0 cm: Aldridge et al., 1995). The smallest reproductive malélav\Wi
Lake was 51.8 cm SVL. This individual was markedly larger than the smafést m
reported for northeastern Texas (49.8 cm SVL: Keck, 2004) and Veracruz (47.5 cm SVL:
Aldridge et al. 1995).

The data from female reproductive tracts and from litters born in the lab
suggested that there is a clearly defined season (Fig. 12A). Taking the panddté
May when vitellogenesis was observed to late September when the last postgart
female was collected, 21 out of 30 females greater than 75.5 cm SVL (or 70% of thi
sample) were reproductive. This proportion is likely an underestimate asostimee
smaller females used in the analysis may delay their initial reprodettoré by a year
(cf. Ford and Seigel, 1994). For example, Plummer (1992) found for an Arkansas
population that although the smallest reproductive female was 78.5 cm SVL, only 56% of

females between 79.0-85.0 cm SVL were reproductive, but those > 85.0 cm SVL were all
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reproductively active. Thus, reproduction for Willow Lake females appedrs annual
as in otheNerodia (e.g.,N. cyclopion: Kofron, 1979;N. sipedon: King, 1986).

The onset of vitellogenesis for Willow Laké rhombifer in spring is difficult to
tell from the data set as no individuals were collected between 14 April andy2@1ga
12A). However, females may be receptive as early as the first wégkib{Meade,

1934; Zamora and Valadez, 2007). They are beginning to increase activity inFAgril (
6B), and the general progression in the lengths of ovarian and oviductal structures
suggest that the process of follicular enlargement begins in earlgtApni. This

agrees with Kofron’s (1979) earliest observation of vitellogenesis of 2 fapa

Louisiana population. Oviductal eggs were observed as early as 31 May while other
females were still vitellogenic (Fig. 12A), thus ovulation probably occurderMay and
early June. This ovulation date is consistent with estimates by Betz (1963 issauri
population. However, if gestation is approximately 3 months (Betz 1963), the etrly bir
date observed in this study (Table 7) would place ovulation at around the middle third of
April. Conversely, the ovarian cycle, or at least vitellogenesis, apasaasonal in
Veracruz (Aldridge et al., 1995). It appears, therefore, that Willove fakale
watersnakes have seasonal reproductive cycles typical of temperaeepalations as
well as prenuptial vitellogenesis typical of viviparous colubrids (Seigel ardj EB87).

The male testes exhibited hypertrophy in early August which continued through
much of the fall (Fig. 12B). This suggests that spermatogenesis was postouptia
Willow Lake males which is typical of most colubrids (Seigel and Ford, 1987houdgh
the population from Veracruz was classified as having a prenuptial spermatogzaic

(Aldridge et al. 1995; Keck, 2004), there appears to be more similarities to a postnuptial
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cycle for that population. Spermatogenesis did begin and end one month later in
Veracruz than for this population, but was completed at least two months beforstthe f
female was detected with sperm in oviducts of females (Aldridge et al. 1D8&jefore,
there must be a period of sperm storage in the ductus deferens before mating
accordingly, reproductive behavior and androgen production are dissociated é8digel
Ford, 1987). The two specimens (#76 and #106) in this study displaying unusually high
mean testicular masses in spring (Fig. 12B) both had an anomalous growthdstisne t
The remainder of the respective testicular tissue was quiescent.

Information on female and litter characteristics has been reported fravasar
localities throughout the geographic rang&lofhombifer (Keck, 2004). Most are
anecdotal observations (e.g., Tucker and Camerer, 1994; Judd and Bray, 1996) whereas
others involved more detailed reproductive studies (e.g., Plummer, 1992; Aldridge et a
1995). With the exception of the early birth date reported here (Table 7) thademai
dates were within the period expected for north-temperate populations ($eideird,

1987) and otheNerodia (Gibbons and Dorcas, 2004). The exceptional birth date was on
19 July, two days earlier than the earliest reported date of 21 July (Judd and Bray, 1996
Interestingly, births from the litter were spread out over three days. drhintere born

on 19 July, another on 20 July, and three more on 21 July, of which one was a full-
formed stillborn.

Sex ratios for the three litters in this study were highly variablbléT8), but
overall primary sex ratio was not different from 1:1. Such observations appear to be
typical for most snake populations (Parker and Plummer, 1987) and for this species

(Plummer, 1992). Neonate lengths and masses (Table 7) were within thedinatged
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by Keck (2004: Table 14, p. 167) for otldérrhombifer populations. The mean neonate
length for all three litters combined was very similar to one litter &gorted from
Hidalgo County (22.8 cm: Judd and Bray, 1996), but there appears to be as much
variability in the neonate SVLs and masses here as that seen througldistriation
of N. rhombifer (Keck, 2004: Table 14). This variation may be due to maternal size since
at a given SVL, heavier females had larger neonates (Plummer, 1992). Although al
shake species do not express this type of phenotypic variability in offsiirasg, that do
suggest the influence of governing factors such as genetics, matkrcatiah, and
environmental effects on the female and the developing embryos (Shine, 2003).

Maternal size was positively correlated with litter size andanptl 52% of the
variation in this trait for Hidalgo County. rhombifer (regressionlitter size =
—30.7 + 0.503SVL, N = 17, R? = 0.520, P = 0.001). Of general consideration, this
relationship was significant in more than three quarters of the snake pamilaviewed
by Seigel and Ford (1987), signifying relevance in both practical and ticabreatters
(e.g., controlling for maternal size when comparing litter sizes). ltaappleat other
populations ofN. rhombifer also follow this trend (Fig. 13; Arkansas = 73%: Plummer,
1992; Veracruz = 40%: Aldridge et al., 1995; east central Texas = 63%: Keck, 2004).
The unexplained variance in litter size by SVL suggests that geneneicoremental
factors may be important determinants of fecundity (Seigel and Ford, 1987).

The significant differences in average litter size found animgombifer
populations after correcting for maternal SVL did not appear to be climpli#) and are
likely confounded by the occurrence of plastic phenotypic responses to proxiaotats fa

rather than optimized traits associated with adaptations to dissimilatdongand
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prevailing environmental conditions (Seigel and Ford, 1991). For example, liter si
may vary annually within the same population (Seigel and Fitch, 1985). Thus zéer si
in N. rhombifer may not be tightly constrained by genetic makeup of a population, but
instead molded within certain genetic limitations by immediately encadchtmnditions
such as food availability (Ford and Seigel, 1989). More detailed field and common
garden studies are needed to elucidate the nature of the variation in littandineore
generally maternal investment, as they relate to optimized reproductiteggts among
populations of this widely distributed species. Shine (2003) reviews some of thre fact
associated with reproductive strategies that may be responsible for the dbserve
differences in litter size amordj rhombifer populations. Shine’s (2003) review should
be useful in designing future studies that evaluate geographic variationaduefon.
Among these factors are female body condition, energy allocation, food ditgjlabi

offspring size and quality, and thermal preference during gestation.

Sexual Sze Dimorphism—The minimum and maximum sizes for Willow Lake

rhombifer (Table 9) were within the limits reviewed by Keck (2004). Female-biased
sexual size dimorphism (SSD) for body size (SVL) was observed as inpoihaations

of North American watersnakes including diamondbacks (Gibbons and Dorcas, 2004;
Keck, 2004; Winne et al., 2005). The ranges for SVL for the top 25% of the male and
female subsamples did not show overlap (maximum male = 93.5 cm, minimum female =
97.3 cm). This dimorphism was mirrored by the differential size at mataratithis
population as the smallest mature male was 31% smaller than the sreglledtictive

female (Table 6). Snake populations in which females grow to larger sizes tlean ma
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make up about 67% of the populations studied (Shine, 1993). Female-biased SSD is
associated with the absence of male-male combat (Shine, 1994), reduced fecundity-
dependent costs for males, and maximizing reproductive success in femalks/imgde
maturity to increase clutch size for the first reproductive efforin§Hi993). The
proximate mechanisms that are responsible for females attainieg $sgs include
sexual bimaturism, reduced growth rates after maturation, lower survivainrateses,

and faster female growth (Shine 1993). Indeed, each of these mechanismsamaedobs
in N. rhombifer from south Texas.

Willow Lake N. rhombifer expressed male-biased SSD for TL. Longer tails
appear to be typical of other North American watersnakes (Semlitsch and Gibbons, 1982;
Winne et al., 2005). According to Shine’s (1993) review male-biased SSD foraldois
seen in many snake species and appears to have functional significanceng tiausi
hemipenes and retractor muscles (King, 1989; Shine, 1993).

As with SVL, there was female-biased SSD for mass, however this wassegbre
as a difference in the rate at which mass was gained. This was indicated by t
significant difference in slopes (scaling coefficients; Figs. 2 and 16)ordicg to this
analysis, the change in the rate at which females gained mass with sigeeatzr than
in males. While the analysis was confounded because gravid females wszparated
in the analysis, it demonstrates that at least mature femalestedtalionsiderably
increased allometric mass-length ratio. Since mass was used ay foptmdy form,
this indicated that females, perhaps because of gravidity, had stouter. Bofliles body
forms for females are viewed as the product of fecundity selection as moeaspa

available for offspring (Semlitsch and Gibbons, 1982; Shine, 1993). Whether or not non-
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gravid femaleN. rhombifer are more robust in build than males is a question that cannot
be answered with this data set. Although the data do not allow one to draw conclusions
about body form without gravid females included, there was a qualitativesixiiais
body shapgestalt allowing for some accuracy in predicting sex before closer inspection
Similarly, other data sets for othiderodia species have found that females are more
massive than males but also failed to separate gravid from non-gravid f¢Getdgsch
and Gibbons, 1982; King et al., 1999). There appears to be evidence that females of
some species are heavier than males regardless of reproductive coAditichgrdus
arafurae: Shine, 1986S pygaea: Winne et al., 2005) or agédrochordus arafurae:
Shine, 19863 oreria dekayi andThamnophis sirtalis: King et al., 19997. sirtalis:
Krause and Burghardt, 2007). Fpygaea from South Carolina, Winne et al. (2005)
found significant differences between females and males in size cdrbectg mass;
both gravid females and non-gravid females were heavier than males at &glve

Of the size dimensions studied for neonates from three litters, the gransd foea
SVL and mass were greater for females (Table 10), however after dagtfol
maternal (litter) influence (nested within sex and treated as raralorakte inferences
about the population) neither SVL or mass were significantly different batmales
and females (Table 11). There was significant variation however ameng Vitithin sex
indicating maternal or genetic influence on both SVL (Fig. 17) and mass.dindee
variation within and among litters has been observed in snakes and has been related to
maternal condition, litter or clutch size, and genotypes (Plummer, 1992; Krause and
Burghardt, 2007). Weatherhead et al. (1995) found that female nébrsgtedon from

eastern Ontario, Canada had significantly higher SVL and mass thanene@ies.
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Conversely, King et al. (1999) did not find a significant difference in body size for
conspecific neonates from Ohio, although the SSD index used for this population favored
female neonates in both SVL and mass. Interestingly a separate one-@&NWANNot
shown) treating all neonates in this study as random variants, though not apgfopria
the data set, approached significarfee (0.060) with females having greater masses.
These consistencies in female-biased body size dimensidlesadia, while not
significant, may indicate that the mechanisms regulating size diffeseare at work in

the prenatal environment. It has been proposed that such differences may be due to
differential maternal energy allocation (Krause and Burghardt, 2007), howdaerda
first and second year postnatal growth on three separate littdesania showed that
there were female-biased differences in the ratio of production to ingestiorstugge
that females had higher dietary assimilation efficiencies or aldaabre energy to
growth (Scudder-Davis and Burghardt, 1996). These metabolic differences, éikibgy

should be present during prenatal development.

Growth. —Despite some of the complications associated with fitting the growthatata f

N. rhombifer from Willow Lake to growth curves (e.g., using a combination of

longitudinal and cross-sectional data, and highly variable time intervalsiah @rowth
increments were recorded; see Kaufmann, 1981, for discussion), all growth curves appea
to provide one of the likely mechanisms for the observed female biased SSD for body
length. Given some of the assumptions taken in constructing these models it is not
surprising that the growth model that is commonly used to describe reptiathgthe

von Bertalanffy (e.g., Van Devender, 1978; Plummer, 1985; Brito and Rebelo, 2003;
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Stanford and King, 2004), was the least useful in explaining the average rajeschan

growth with size in these samples. Perhaps this is a consequence of usihg gro

increments with variable and wide-ranging time intervals, observed nohjosgh days

but across seasons and years. Because reptilian growth is known to fluctsatake

(Van Devender, 1978; Andrews, 1982) and using too short or too long a time interval for

a growth measurement can introduce biases (Andrews, 1982), the limitations o&the dat

sets used here (i.e., low capture rates within any given season) malatiegtthre

effects of such biases extremely difficult. Furthermore, the regressidelsrupon

visual inspection showed problems with heteroscedasticity (Fig. 18) and 21% of male

growth rates and 28% of female growth rates were repeat measures thakragants

not entirely independent. Thus, the data should be interpreted with caution.
Considering these flaws, the results represent the first attempt to provide a

comprehensive quantitative description of growthNorhombifer from a field

population. Assuming that all biases affecting the estimates of growsharatequal

between the male and female data sets some rough conclusions can be drawn. Females

had a tendency to grow at faster rates (Figs 18 and 19) although this défe@soot

statistically significant. This could in part explain SSD seen in adultsg e

minimum ages at maturity for each sex (male: 518 mm, female: 755 mm) and the

respective power growth curves (Fig. 19), males mature at about 1.5 yr anekfatrab

yr (after converting the age function in days to years). Becaussigrates slow when

reptiles reach maturity (Andrews, 1982), the delay in maturity of femgleadyear

provides another mechanism for the observed SSD. The age at maturity estirtiases
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study also agree with those Betz (1963) for females (2.2 yr) and M. Keck (Keck, 2004)
for males (1.2 yr) and for females (2.2 yr).

Keck (2004) noted that the only data available for growtN. shombifer in the
field was from an Oklahoma study by Preston (1970). The following account ef thes
data is based on Keck (2004). The sample sizes for the age groups were small and
measured during the active season (from April-October). For individualg in age,
males N = 2) grew at about 0.32% of their SVL per day and fem&les4) grew at
0.22%. For individuals between 1 and 2 yr in age, males4) grew at 0.09% and
femalesN =1) 0.17%. Males greater than 2 yr in age=(4) grew at 0.04% and
females N = 1) grew at 0.01%. Clearly, the sample sizes are too small to determine if
the Oklahoma population exhibited sexual dimorphism for growth rate. In comparison
with the specific growth rate estimates from this study (Table 13jpditwent growth
estimates from the Oklahoma population for the first age group correspond to a 39 cm
male at about 1.1 yr in age and a 49 cm female at about 1.2 yr in age. For the second age
group, the estimates correspond to a 57 cm male at about 1.7 yr in age and a 53 cm
female at about 1.5 yr in age. In the age group described as > 2 yr, théesstima
correspond to a 73 cm male at about 2.9 yr in age and a 120 cm female at about 8.5 yr in
age.

Nerodia rhombifer from Willow Lake may exhibit sexual dimorphism in growth
rate. However, the relative importance of the proximate mechanismeatidab the
observed SSD require more field studies. Detailed demographic and growth data could
provide insight on how selective forces shape the life history charéictefa this

species. Field growth rates are virtually unknown foNetlbdia species and few
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detailed demographic studies are available (Gibbons and Dorcas, 2004). Although, data
on growth rates foN. sipedon showed that females grew at significantly greater rates

than males (King, 1986), and femaled\ofhombifer grew faster than their siblings in a
laboratory setting (Scudder-Davis, 1996) suggesting that differentiallgratets may

play a significant role in determining adult sizefNarodia.

Lipids—The positive correlations between fatbody mass (FBM) and size for both sexes
(Figs. 20 and 21) were expected as larger snakes have a greateicwelome (Seigel

and Ford, 1987). Larger snakes also may have a greater variety of food itéaideaica
them because of reduced limitations of gape size (Arnold, 1993; King 2002).
Consequently, larger snakes may take larger prey (Plummer and Goy, 1984), and may
have greater foraging success (Lind and Welsh, Jr., 1994).

There was little size overlap between males and females (Figs. 20 andkitig ma
an intersexual comparison of FBM difficult. However, the FBM-SVL and FBWI-B
regression lines suggest that per unit SVL and per unit mass, males stordigidsone
fatbodies than did females where size did overlap (at 75.5 cm and 400 grams). If these
differences were significant, male and fentdlehombifer from south Texas might
compartmentalize lipids differently.

Aldridge et al. (2003) did not find a significant difference between the s@gres
lines of FBM and SVL folN. rhombifer werleri from Veracruz, Mexico. This
comparison may be confounded by dimorphism for body form where fémale
rhombifer appear to be wider than males, as seen in a number of species (Shine, 1993).

Because of this attribute amoNgrhombifer populations, FBM by BM comparisons may
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be more instructive biologically. For example, midsgrix maura in the Ebro Delta of
northeastern Spain had heavier carcasses after controlling for SVL dhiamdiles even
though the absolute amount of lipids stored in this compartment, also controlled for SVL,
were not different (Santos and Llorente, 2004). Conversely, fevnataura had larger

livers and stored more lipids in this organ than did males (Santos and Lorente, 2004).
Numerous studies also have generally noted an inverse correlation bedtheely ize

and vitellogenesis (Seigel and Ford, 1987; Blem and Blem, 1990; Aldridge and Bufalino,
2003). Thus, in reproductively active females, vitellogenic follicles, oviductal agg)
embryos would contain a significant portion of overall lipids in females.

Indeed these observations reflect the different ecological rolesles suad
females. Females invest much energy in the production of offspring, whids maly
invest significantly more through active mate searching and courtship. Althoeigh t
regression models from Figures 20 and 21 do not reflect these roles, ityisHeédemore
matter and energy pass through females than males during a calemdarhgeapparent
difficulty in observing this from snapshots of FBM is due to differential
compartmentalization and rates of utilization of body lipids between sexes.

Despite the obstacles associated with using fatbodies to describyg#meics of
lipid reserves for different aspects of snake life history, variatiol8M may be useful
in tracking changes in overall lipid reserves since fatbodies can be theangdonent of
(Santos and Llorente, 2004), and can be highly correlated to, total body lipids (Ble
1997). Observations of changes in FBI (FBM corrected for body size) il\mnale
rhombifer from south Texas suggest that males go through cycles of fat storage and

mobilization. The lowest FBI values for males were in spring and began tasadare
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early summer (Figs. 23 and 24). A similar pattern was observed folNxrddembifer
from Veracruz (Aldridge et al. 2003). The shift in energy balance coincideshanges
in activity (Fig. 6C). Peak activity for males was observed in May, the samé& mont
which the lowest FBI values were recorded. The initial increase to peakyantMay
is likely associated with mate searching as suggested for male®p&péties (e.g.
Coluber viridiflavus: Bonnet and Naulleau, 1996). However, the increase in activity was
sustained through July. If this is beyond peak mating activity, then there must be a
reduction in feeding while males are searching for and courting females.

Circumstantial evidence suggests not only that iaf@ombifer from south
Texas stop feeding during a short period, but that this aphagia is endogenounsias see
Thamnophis sirtalis parietalis (O’'Donnell et al., 2004). The evidence includes the
concomitant peak activity with drop in FBI in May for males in this populatigrorted
dates for mating in the field (6 April to 29 May: Keck, 2004; Zamora and Valadez, 2007),
estimated gestation period (3 months: Betz, 1963) and peak birth dates (14 di5 birt
from 20 August to 10 September: Keck, 2004), and an apparent lack of interestiay se
males in both feeding and a potential predator while courting a female @ ambr
Valadez, 2007).

Unlike males, females did not exhibit significant variation in FBl among Insont
This was similar for femalll. rhombifer werleri from Veracruz, Mexico (Aldridge et al.,
2003). Although, Aldridge and Bufalino (2003) suggest that dtlessdia may display a
decrease in the mass of fatbodies during vitellogenesis as observed fessfefraher
species (Seigel and Ford, 1987). Such losses may have been regained during pregnancy

(Aldridge and Bufalino, 2003). However, any seasonal differences in fatbodies among
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femaleNerodia may be less dramatic than in other snake populations Qergals atrox:
Tinkle, 1962;Agkistrodon piscivorus. Blem, 1997).

Because the BM used to calculate FBI in this study included the
mass—depending on the reproductive state of the femallequiescent ovaries,
vitellogenic follicles, oviductal eggs and embryos, one would expect FBI to bieeblat
lower in reproductively active females even when the mass of fatbodiasieem
relatively stable because vitellogenic follicles and developing emslwypuld increase
the BM (the denominator used to calculate FBI) relative to FBM. The FBésal
reported here for females in all categories, both reproductive and non-repreducti
appear to be similar (Figs. 21B and 23B). Although no detailed feeding frequency
analyses were performed here because of potential biases from sanpligly ac
foraging snakes (see Preston, 1970; Aldridge et al., 2003), these data provide indirect
evidence that femald. rhombifer from south Texas continue to feed at a rate at least
equal to that which would replenish lipid reserves used during vitellogenesis.
Conversely, several species of snakes have been observed to reduce food intake during
pregnancy (Shine, 1980b). Th®dus operandi, whether adaptive or artifact, would
require energy storage prior to the onset of vitellogenesis that could therdtz adater
time to support the production of offspring, a tactic referred to as “capitdtbrg
(Bonnet et al., 1998). A strict capital breeder should display a strong cgtlipgl
reserves. The alternative is referred to as “income” breeding in wdgehtty acquired
nutrients are used (Bonnet et al. 1998). There are numerous examples in which snakes
may not only supplement vitellogenesis by foraging during this time but contirfieec

through oviposition, or parturition (Berry and Lim, 1967; Aldridge and Bufalino, 2003;
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Winne et al., 2006). The lack of evidence for cycling of fatbody lipids in this study
implies that femal@l. rhombifer from south Texas exhibit a significant degree of income

breeding.
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CHAPTER V

CONCLUSIONS

Capture rates for Willow Lakierodia rhombifer (about one snake for every 24
trap-days) were low as in other snake studies. Such low capture ratesraksblute
abundance estimates with very broad confidence limits. Increasing tragfartgover
several days per trapping period and the use of drift fences might improve catgare
and narrow confidence limits for abundance estimates. Despite a lack siqracithe
abundance estimates reported here for Willow kéombifer, the average density for
all sampling periods in which estimates were calculated, 6.6 snakes/ha (Tabkil), i
greater than the median value for 57 populations reviewed by Parker and Plummer
(1987). The relatively high density of this population is likely supported by relatively
high primary productivity typical of wetlands that occur along river floothplaThe
standing crops calculated from the density values reported here indicate rtatbifer
is a significant component of the Willow Lake ecosystem. The densities on Waich t
biomass estimates are based are the first true density estiepaasd anywhere within
the range oN. rhombifer.

The relative abundance estimates used to measure activity in this stedyeddi
that Willow LakeN. rhombifer increased activity from May through September. This

observed active season was sustained a month longer than for populations in
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Louisiana and northeastern Texas (Fig. 25). Activity was reduced signifidamily
October through January of the following calendar year, but activity sioailgased

from February to April. This overall activity pattern appears to be sitalather
subtropical snake populations from Florida (Dalrymple et al., 1991). Adult and juvenile
subpopulations of Willow Laksl. rhombifer differed in activity patterns, however all
displayed two peaks in activity. When the data from the subpopulations are combined,
the variation among the subpopulation activity patterns resulted in an overafgkean
activity during July (Figs. 4 and 25). The differences in activity patterns among
subpopulations are probably due to differences in the types of activities astadthat

life history patterns that are shaped by selective forces thatedittetss for individuals
within a given cohort.

Adult males displayed a strong bimodal activity pattern with an initial peak
activity in May and another in September. An approximate 66% drop in adult male
activity was observed in August resulting in the two activity peaks (Fig. B&hough
the activity pattern for adult females was not as strongly bimodal as ade$, fieenales
displayed peaks in activity in June and September with an approximate 24% drop in
activity in July (Fig. 6B). Juveniles also displayed a strong bimodafitgqgbiattern
similar to adult males, however a dip in activity was observed from June to July (Fi
6A). The activity pattern of juveniles is likely confounded by births in sumneearly
fall and by second year juveniles moving to into adult cohorts. Interestinigugh the
overall activity pattern for the Willow Lake population appears slightlyobiah analyses

of the activity patterns of the subpopulations indicate that the small dip in activity
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observed in July for the overall population (Fig. 4B) may be due to more significant
trends occurring within the subpopulations.

Survivorship curves estimated from the age structure of Willow Nake
rhombifer showed both high mortality rates and low longevity (Fig. 26). Further, data on
reproduction and growth indicated that Willow Lakerhombifer have short generation
times (2.5 yr), have high fecundity (average litter size, 15.4), and reproduce pannuall
These demographic characteristics displayed by Willow Dakéombifer appear to be
typical of other early maturing Colubridae (Parker and Plummer, 1987).

Overall primary and secondary sex ratios did not differ significantly ftdm In
seasonal comparisons of sex ratios, a significantly female-biasedieg 1&1.0) was
observed only in August. This difference was probably due to changes in activity
patterns between females and males.

Reproduction iN. rhombifer in Hidalgo County appears to be seasonal. Mating
is known to occur as early as April (Meade, 1934; Zamora and Valadez, 2007). |
females, vitellogenic follicles were observed as early as 27 May, howiéelmgenesis
probably begins in early to mid-April. Ovulation likely occurs in late May dye&ame.

The last reproductive female was observed on 30 September with vascular spots in the
uterus indicating recent parturition. In males, testes were enlaoyacarly August
through fall. Thus, spermatogenesis was postnuptial which is typical of mostidelubr
(Seigel and Ford, 1987).

An exceptionally early birth date ft. rhombifer was recorded in Hidalgo
County on 19 July, but the general progression of female reproductive structures such as

vitellogenic follicles and developing embryos, and two other birth dates wenria wie
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range reported for oth@&t. rhombifer populations (Keck, 2004). Litter size for Hidalgo
CountyN. rhombifer was positively correlated to maternal SVL as seen in many other
snake populations and was significantly lower than populations from Arkansas and
Veracruz, but not east-central Texas (Fig. 14). Thus, litter size variatomhombifer
populations does not appear to be clinal. It is likely that litter size is a phéeradiy
plastic trait and its expression is dependent upon immediately encountered enviabnment
conditions such as food availability (Ford and Seigel, 1989; Seigel and Ford, 1991).
Consequently, variation in litter sizes amadwhghombifer populations can be better
understood only with consideration of the proximate factors that influenceslés.

Nerodia rhombifer in southernmost Texas are sexually dimorphic for size with
females being larger in SVL and mass than males. The largest feapaleed was
120.0 cm SVL and the largest male captured was 93.5 cm SVL. The rate at which mass
changed with SVL was greater for females (Figs. 2 and 16) indicatingthaldes were
wider in body form. The female biased sexual size dimorphism is typical of North
American watersnakes (Gibbons and Dorcas, 2004; Keck, 2004; Winne et al., 2005) and
is thought to occur in a wider range of snake taxa, in part, as a consequence of fecundity
selection (Shine, 1993). Conversely, males had longer tails proportionately than did
females. The larger tails in males function to house the hemipenes and retrasttias
(King, 1989; Shine, 1993). The male-biased sexual dimorphism for tail length was
already present at birth. However, no differences were detected behaéz=and
female neonates both for SVL and for mass. Maternal females appebhes@ t@n

influence on the size of neonates as larger females gave birth toylanger (Fig. 17).
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FemaleN. rhomibifer in Willow Lake had slightly higher average growth rates at
a given SVL than males. Although not significant, this difference in growthb@aeal,
but problems with precision in estimating female and male growth curves inuitys st
made resolving this issue difficult. Indeed, otNerodia have been shown to exhibit
female biased growth rates (King, 1986; Scudder-Davis, 1996). Furthermore, power
analyses in general demonstrate that given a large enough samplstairtieal
significance will always be found between two populations (Nakagawa andlCuthil
2007). The question remains as to whether such differences are biologgrafigamnt
or not. Because growth curves derived from cross-sectional data should provide a good
approximation of average growth rates for a population at a given size (Marvin, 2001),
assuming that the negative and positive biases that contributed to decreasashgreci
this analysis had similar influences on both sexes, the average differencastimrgtes
at a given size (Table 13) should be biologically significant. Such differemgeswith
rates could, in part, along with differential mortality rates and sexuakinisia, explain
the observed female-biased sexual size dimorphism for SVL in this population.

The precision in the growth curves generated from growth increments &tattul
as a change in length per unit of time) depends on precision of the growth increments
themselves. Precision could be improved by increasing trapping effortcabees
above. The increased effort should increase the number of snakes recaptured within
regular time intervals and within a specific time period. Regularititeevals are
necessary to reduce biases associated with the calculation of ratesndfinterval used
to calculate a growth increment is too long, it causes negative bias; too shosepositi

bias. Growth rates in snakes also are known to vary throughout the year (Andrews, 1982)
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emphasizing the need to use a specified time period (e.g., a calendar yesgasonrg in

which growth increments will be observed. Furthermore, a squeeze box (Quinn and
Jones, 1974) could be used to reduce the error associated with stretching snakes to obtain
lengths. Accordingly, given an adequate but constant time period in which to estimate
individual growth increments along with the use of a squeeze box, negative grasth rat
could virtually be eliminated and precision improved.

FemaleN rhombifer in southernmost Texas did not show evidence for lipid
cycling from fatbody mass data and may then be categorized as income bréatksed,
anecdotal observations suggest that vitellogenic and gravid females continagéoimor
the field even as their increased mass may make them more vulnerable tomprddat
one such instance, while trapping snakes in Willow Lake, two large grawalebl.
rhombifer attempted to ingest the same lafyen intermedia while all three were
captured in the same trap. Further, except for the relatively small dipvityaa July
(Fig. 6B), females remained highly active and presumably feeding within gpertga
grids at Willow Lake during the time in which they are reproductively acfypeil(to
September). Males appeared to cycle lipids as fatbody masses dispigyechsi
declines in early spring. This coincides with the time in which matingtgdtas been
observed. Because this species is largely restricted to water, oppesttmiieed on fish
should have been available. Therefore, the reduction in fatbody mass duringehis ti
period suggests either that more energy was used than was ingestednatdebdtecame
anorexic, or both. Lipid reserves in males are apparently quickly regateethaf

mating season (Fig. 23A).
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TABLE 1. Summary of trapping effort fdderodia rhombifer from Willow Lake at Santa

Ana National Wildlife Refuge. Each bi-weekly trapping period encompassed two
consecutive days. Fifty-one traps were set each day of the trapping fe&ifiad for the
entire study was 6222 tralays. Number of periods per month is in parentheses. Total
number of periods for each month (years combined) and each year are also presented.
Because capture rates were low, capture data were pooled by month makahgfe3tbt
sampling periods.

Trapping Dates

Total

Month 1995 1996 1997 1998 Periods
January 9, 10, 23, 24 (2) 2
February 21, 22 6, 7, 20, 21 (2) 3
1)
March 6,7,20,21(2) 6,7,20,21(2) 27, 28 5
(1)
April 3,4,17,18(2) 3,4,17,18(2) 10,11,24,25 6
(2)
May 1, 2,15, 16, 30, 1, 2, 15, 16, 29, 8,9, 20, 21 (2) 8
31 (3) 30 (3)
June 12,13, 26,27 12,13,26,27 3,4,17,18 (2) 6
2) 2)
July 10, 11, 24,25 10,11, 26,27 1, 2,15, 16, 29, 7
(2) 2) 30(3)
August 30,31 7,8,21,22(2) 9,10 (2) 12,13,26,27 6
1) 2)
September 13,14 4,5,19, 20 (2) 9,10,24,25(22) 5
1)
October 3,4,17,18, 31 8,9, 22,23(2) 4.5
(2.5)
November 1, 14, 15, 28, 5, 6,19, 20 (2) 4.5
29 (2.5)
December 12, 13, 26, 27 3,4,17,18 (2) 4
2)

Total Periods 2 23 16 20 61
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TABLE 2. Equations for the growth models tested for fit to growth increments collected
on Nerodia rhombifer from Willow Lake at Santa Ana National Wildlife Refuge. The
first von Bertalanffy equation follows Van Devender (1978); and the second Von
Bertalanffy equation, and the logistic, Gompertz, and power equations follow Kaufma
(1981). The integrated equations on the left are the more commonly used forms and
show size § as a function of time), The differential equations show the relationship
between the measure of growth ra&R(r G) and size.GRis the growth rate an@ is

the specific growth rate as defined in the text. The relationship is lifesarSvs

properly transformedsS,, is the asymptote of the integrated equations for determinate
growth models. The relationship betwe&na, andb is shown in the right hand column.
The parametet, is the constant of integration. All equations follow Kaufmann’'s (1981)
notation.

Integrated Equation Differential Equation  Relation of the Parameters

Von Bertalanffy

SVL =SVL., + [expa(t—ty)] a™ GR=-aSVL +b ®

Von Bertalanffy G 1 b 1l _ b
S=S,[1 —exp— b(t +t,)] —a4g- s. a
Logistic S -
S=S,[1+ exp- b(t + to)] ™ G=-aS+b = =g
Gompertz NS -
S=S, explexp— a(t + t,)] G=-alnS+b NS, =3
Power

S=[ab(t+t, )] InG=-alnS+Inb  —
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TABLE 3. Summary of capture rates féerodia rhombifer over 31 monthly trapping

periods at Santa Ana National Wildlife Refuge. Individuals recaptured withsathe

month were not counted. Individuals recaptured in subsequent months were counted as
recaptures for absolute abundance estimates and simply as captuetita r

abundance indexes. Capture and recapture rates are based on 31 trapping periods.
Percent recaptures were calculated from the ratios of recaptute tatal capture rate

for each grouping. Juveniles were defined as any individual < 51.8 cm, the size of the
smallest mature male in this study. Effort for trapping periods rainged102-306

trapdays, most were 204 tralays.

Cohort

All Juvenile  Adult Female Adult Male
No. of individuals® 154 38 69 58
No. of captures 232 45 103 84
No. of individuals capturedxi 100 32 45 39
No. of individuals recapturedxl 36 5 16 12
No. of individuals recapturedx2 12 1 6 7
No. of individuals recapturedx3 6 0 2 0
Capture rate (snakes/period) 7.48 1.45 3.32 2.71
Recapture rate (snakes/period) 2.52 0.226 1.10 1.00
Percent recapture 33.7% 15.6 % 33.1% 36.9 %

#Lack of correct summation of cohorts is due to squmeniles that were captured earlier during fielark
and then captured again later as adults.



TABLE 4. Comparison of population sizes generated using three different methods of @stiorahark-recapture data taken from a
population ofNerodia rhombifer at Santa Ana National Wildlife Refuge. Numbers were calculated by comhiata from Grids 1
and 2, a total area equal to 0.32 ha. Densities are based on Jolly-Seber emtichatssidy area of 7.2 ha. Biomass is calculated
from the mass structure, mean mass = 39618 g.population size estimate, C.L. = confidence limits, MNA = minimum number
known to be alive.

Schnabel Jolly-Seber Density Biomass
Month N 95 % C.L. N 95 % C.L. MNA (hah) (kg/ha)
Aug-95 - - - - 6 - -
Sep-95 85.0 (16.0 - 1666.7) 41.4 (17.5-415.2) 18 5.8 2.3
N=41.4 (17.5 - 415.2)
Feb-96 106.0 (19.9 - 2078.4) 20.0 (2.5 - 604.0) 6 2.8 1.1
Mar-96 150.0 (28.2 - 2941.2) 45.0 (5.4 - 1406.5) 7 6.3 2.5
Apr-96 147.0 (44.0 - 828.2) 36.2 (10.5 - 332.7) 10 5.0 2.0
May-96 189.5 (79.0 - 554.9) 54.1 (23.6 - 263.9) 20 7.5 3.0
Jun-96 176.5 (82.6 - 405.3) 66.0 (22.2 - 399.4) 18 9.2 3.6
Jul-96 201.2 (108.0 - 406.1) 85.0 (37.4 - 342.3) 26 11.8 4.7
Aug-96 188.7 (119.1 - 349.4) 115.7 (51.3-438.9) 30 16.1 6.4
Sep-96 169.4  (114.4 - 261.1) 75.8 (32.9 - 311.3) 24 10.5 4.2
Oct-96 168.8 (116.9 - 271.6) 37.5 (6.8 -584.1) 14 5.2 2.1
Nov-96 175.4 (121.4 - 282.2) 108.0 (11.9 - 3286.8) 14 15.0 5.9
Dec-96 175.4  (121.4 - 282.2) 12.0 (1.2 - 357.5) 12 1.7 0.7
N =59.6 (18.70 - 757.04)
Jan-97 178.8 (123.8 - 287.6) 48.0 (5.4 - 1439.5) 13 6.7 2.6
Feb-97 171.3 (118.3 - 265.7) 32.0 (5.9 - 496.2) 12 4.4 1.8
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TABLE 4. Continued.

Schnabel Jolly-Seber Density Biomass
Month N 95 % C.L. N 95 % C.L. MNA (hah) (kg/ha)
Mar-97 174.1 (123.2 - 266.6) 20.0 (6.2 -149.1) 12 2.8 1.1
Apr-97 176.0 (125.6 - 255.5) 61.3 (21.8 - 352) 17 8.5 3.4
May-97 204.2 (149.9 - 302.0) 76.0 (35.0 - 300.8) 25 10.6 4.2
Jun-97 212.2 (160.1 - 288.1) 45.6 (26.3 - 134.2) 24 6.3 2.5
Jul-97 217.0 (167.0 - 288.0) 64.0 (26.2 - 320.2) 20 8.9 3.5
Aug-97 221.9 (170.8 - 294.5) 63.0 (7.3-1944.4) 9 8.8 3.5
N =51.2 (16.8 - 642.0)
Mar-98 229.7 (177.9 - 324.0) 24.6 (8.5-170.0) 11 3.4 1.4
Apr-98 232.6 (180.7 - 326.6) 26.0 (7.2 - 223.8) 12 3.6 1.4
May-98 237.7 (186.9 - 326.4) 38.0 (19.1-141.9) 18 5.3 2.1
Jun-98 246.5 (195.3 - 334.1) 30.2 (15.5-111.2) 16 4.2 1.7
Jul-98 250.0 (198.8 - 336.7) 25.6 (9.8 -137.0) 14 3.6 1.4
Aug-98 241.8 (194.4 - 319.8) 38.3 (13.9 - 235.5) 14 5.3 2.1
Sep-98 238.7 (193.0 - 312.8) 26.4 (6.9 - 346.1) 8 3.7 15
Oct-98 236.3 (191.6 - 308.3) 5.0 (2.0-63.9) 3 0.7 0.3
Nov-98 237.1 (192.5 - 308.5) - - - - -
N =26.8 (10.4 - 178.7)
Average 194.4  (131.7 - 533.5) 47.6 (15.3 - 245.4) 14.5 6.6 2.60

T.



TABLE 5. Mean snout-vent length (SVL) and mass for the sample used to construct size anattagesstoiNerodia rhombifer
from Willow Lake at Santa Ana National Wildlife Refuge. The sample includes 4&%esiords for 154 individuals. Records of
individuals recaptured within the same calendar year were excludedhiecanalysis. Records of individuals recaptured in other

years were included. Thus, 21 size records included in these summaries aredrgmar recaptures\N = sample size, SE =
standard error.

SVL (cm) Mass ()
N Mean (SE) Range Mean (SE) Range
Juvenile 39 37.72 (1.49) 20.7 -51.0 49.678 (4.873) 7.40 — 108.80
Female 73 84.86 (2.39) 51.9-120.0 690.674 (59.570) 106.50 — 1880.90
Male 63 70.93 (1.30) 52.8-94.9 269.783 (13.632) 68.00 — 508.40
All 175 69.34 (1.78) 20.7 - 120.0 396.302 (32.129) 7.40 — 1880.90
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TABLE 6. Mean SVL and mass for specimens collected from irrigation canals irgélidalinty, Texas. (A) Characteristics for all
females and males examined for reproduction. (B) Characteristics for repredectales and mature males only. F = female, M =
male,N = sample size, SVL = snout-vent length, SE = standard error.

SVL (cm) Mass (g)
Sex N Mean (SE) Range N Mean (SE) Range
A F 71 80.12 (1.70) 50.60 —112.70 71 553.2 (35.9) 111.0 - 1564.5
M 54 64.16 (0.99) 48.40 — 78.80 %3  237.6 (11.7) 68.3 — 481.4
B F 21 90.14 (2.22) 75.50 - 112.70 21 812.4 (56.5) 494.0 — 1564.5
M 53 64.46 (0.959) 51.80 — 78.80 352 240.9 (11.4) 86.1 — 481.4

# Reduced sample size of male sample due to senemzefdehydration of one of the specimens.
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TABLE 7. Female and litter characteristics I@rodia rhombifer collected from irrigation canals in Hidalgo County, Texas. SVL =
snout-vent length, SE = standard error, F = female, M = male, U = sex undetermined

Neonate

SVL (cm) Mass ()
Female SVL (cm) Mass (g) Size Mean (SE) Mean (SE) Sex Ratio Birth Date
1 19.81 (0.37) 6.50 (0.413 5F:8M:1U 9/12/1997
2 24.05 (0.15) 10.91 (0.12) 12F:5M 7/19-7/21/2003
3 23.21 (0.16) 9.38 (0.11) 3F:9M 8/21/2003
Mean 224 9.05 — —
(SE) (0.32) (0.32)
Total/Range — — 20F:22M:1U 7/19-9/12

& Two births were stillborn and two were stillbormdaunderdeveloped. All four stillborns were smaitean the individuals born live.
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TABLE 8. Female and litter size characteristics for four populations from suladpimperate and tropical regions. The results of
the correlation analyses between litter size and snout-vent length §®éLare reportedN = sample size, SE = standard erroz,
correlation coefficient? = probability that null hypothesis is true.

Female SVL (cm) Litter Size
Location N Mean (SE) Range Mean (SE) Range r P Data Source

Hidalgo Co, TX 17 91.66 (2.912) 75.5-115.0 15.4(2.03) 4-39 0.721 0.001  This study

Lonoke Co, AK 21 90.82 (2.114) 78.5-109.1 23.1(2.10) 12-48 0.857 <0.001  Plummer (1992)
Freestone Co, TX13 87.96 (2.010) 74.5-98.5 16.1(2.29) 7-35 0.791 0.001 M. Keck (Unpublished Data)
Veracruz, Mex 14 84.54 (2.441) 74.0-102.6 17.1(2.24) 8-35 0.633 0.015  Aldridge et al. (1995)
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TABLE 9. Size summaries fdterodia rhombifer from Willow Lake, Santa Ana National Wildlife Refuge. For individuals cagatur
more than once, only the first record of capture was used in the analysis. Individlu&somplete size records or that were not
sexed were not included in the analysis. F = female, M = INatesample size, SVL = snout-vent length, TL = tail length, SE =
standard error.

SVL (cm) TL (cm) Mass (Q)
Sex N Mean (SE) Range Mean (SE) Range Mean (SE) Range
F 76 75.96 (2.95) 22.3-120.0 17.64 (0.75) 43-374 560.7 (60.6) 10.5-1880.9
M 62 67.32 (1.58) 33.6-93.5 18.90 (0.62) 8.2-28.6 237.0 (14.7) 27.1-460.1

9.



TABLE 10. Summary of neonate sizes born to three feNeledia rhombifer collected in Hidalgo County, Texas. F = female, M =
male, U = sex undetermineld,= sample size, SVL = snout-vent length, TL = tail length, SE = standard error.

SVL (cm) TL (cm) Mass (g)
Grouping Sex N Mean (SE) Range Mean (SE) Range Mean (SE) Range
Female 1 F 5 20.20 (0.654) 18.6-22.0 5.42 (0.185) 4.9-5.9 7.18 (0.477) 5.40-8.10
M 8 19.89 (0.404) 17.9-21.3 5.94 (0.124) 5.4-6.3 6.50 (0.462) 4.20-8.20
U 1 17.3 - 5.9 - 3.1 -
Combined 14 19.81 (0.369) 17.3-22.0 5.75(0.115) 4.9-6.3 6.50 (0.409) 3.10-8.20
2 F 12 24.08 (0.165) 23.2-25.0 6.92 (0.063) 6.5-7.2 10.90 (0.146)  9.80-11.40
M 5 23.98 (0.379) 22.8-24.9 7.74 (0.157) 7.2-8.1 10.92 (0.224) 10.30-11.60
Combined 17 24.05 (0.154) 22.8-25.0 7.16 (0.11) 6.5-8.1 10.91 (0.118) 9.78-11.57
3 F 3 22.60 (0.306) 22.2-23.2 6.10 (0.300) 5.8-6.7 9.05 (0.161) 8.70-9.30
M 9 23.41 (0.134) 22.8-24.2 7.09 (0.096) 6.8-7.6 9.49 (0.113) 9.00-10.10
Combined 12 23.21 (0.159) 22.2-24.2 6.84 (0.161) 5.8-7.6 9.38 (0.107) 8.74-10.09
Sex F 20 22.88 (0.417) 18.6-25.0 6.42 (0.163) 4.9-7.2 9.69 (0.390) 5.40-11.40
M 22 22.26 (0.429) 17.9-24.9 6.82 (0.169) 5.4-8.1 8.73(0.424)  4.20-11.57
All neonates - 43 22.44 (0.318) 17.3-25.0 6.61(0.119) 4.9-8.1 9.05 (0.322) 3.10-11.57

LL
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TaBLE 11. ANOVA summaries examining sex and litter differences in neonate snout-

vent length (SVL), neonate mass, and neonate tail length (TL) forNeredia

rhombifer litters from Hidalgo County, Texas. The ANOVA design was a two-level
mixed model ANOVA treating sex as the fixed factor and litter as a rantfent.e
Snout-vent-length was used as a covariate for the analyses of mass and Tegdes
of freedom, SS = sum of squares, MS = mean squareb;ratio, P = probability that

null hypothesis is true

Test Source df SS MS F P

SVL  Sex 1 0.155 0.155 0.005 0.944
Litter within sex 4 125.031 31.258 43.266 <0.001
Error 36 26.008 0.722
Total 41

Mass  SVL (covariate) 1 10.060 10.060 31.243 <0.001
Sex 1 0.210 0.210 0.132 0.736
Litter within sex 4 5.583 1.396 4.335 0.006
Error 35 11.270 0.322
Total 41

TL SVL (covariate) 1 1.588 1.588 25.467 <0.001
Sex 1 4.661 4.661 13.651 0.023
Litter within sex 4 1.197 0.299 4.800 0.003
Error 35 2.182 0.0623
Total 41




TABLE 12. Regression equations and coefficients of determination for all five moasgditjrowth data fdxerodia rhombifer

from Willow Lake, Santa Ana National Wildlife Refuge. The models aredist order of decreasing explained variation in growth
rate by size. The slopes show that growth rates decrease with sizelatital®f growth rateGR), specific growth rateQ),
geometric meaBVL (S), andSVL are described in Van Devender, (1978) and Kaufmann (1981). F = female, M Nmalample
size,R? = coefficient of determinatio® = probability that the null hypothesis is true.

Model Sex N Equation R P
Power F 39 InG =-3.368InS + 14.730 0.507 <0.001
M 28 InG =-3.373InS + 14.409 0.401 <0.001
Logistic F 39 G =-3.97E-6 S + 0.00419 0.375 <0.001
M 28 G =-3.92E-6 § + 0.00366 0.269 0.005
Gompertz F 39 G =-0.00284 InS + 0.01996 0.369 <0.001
M 28 G =-0.00233 InS + 0.01617 0.246 0.007
Bertalanffy F 39 G =1805"1-0.00139 0.334 <0.001
M 28 G =1245"1-0.00090 0.208 0.015
Bertalanffy F 39 GR = -0.00186 SVL + 2.142 0.287 < 0.001
(Van Devender, 1978) M 28 GR = -0.00160 SVL + 1.696 0.114 0.078

6.
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TABLE 13. Estimated growth as a percent of SVL per day (specific growth raaedG)
95 % predicted limits (P.L.) for selected SVLs. The estimates are basedregréssion
analyses producing the differential equations for the power model. SVL = snout-vent
length.

Female Male
% Growth % Growth
SVL (cm) per day 95 % P.L. per day 95 % P.L.

35.0 0.674 0.077 - 5.925 0.475 0.053-4.241
40.0 0.430 0.051 - 3.601 0.303 0.037 - 2.457
45.0 0.289 0.036 - 2.338 0.203 0.027 - 1.544
50.0 0.203 0.026 - 1.600 0.143 0.020-1.033
55.0 0.147 0.019-1.141 0.103 0.015-0.728
60.0 0.110 0.014 - 0.842 0.077 0.011-0.534
65.0 0.084 0.011 - 0.639 0.059 0.009 - 0.406
70.0 0.065 0.009 - 0.497 0.046 0.007 - 0.317
75.0 0.052 0.007 - 0.394 0.036 0.005 - 0.254
80.0 0.042 0.005 - 0.319 0.029 0.004 - 0.208
85.0 0.034 0.004 - 0.261 0.024 0.003-0.173
90.0 0.028 0.004 - 0.217 0.020 0.003 - 0.146
95.0 0.023 0.003 - 0.182 0.016 0.002 - 0.125

100.0 0.0196 0.0025 - 0.155

105.0 0.0167 0.0021 - 0.133

110.0 0.0142 0.0018 - 0.115

115.0 0.0123 0.0015 - 0.100

120.0 0.0106 0.0013 - 0.088

125.0 0.0093 0.0011 - 0.078
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TABLE 14. Mean snout-vent length (SVL), body mass, and fatbody mass for male and

femaleNerodia rhombifer collected from Hidalgo County, Texas.

Male Female

SVL (cm) Mean 64.73 89.25
SE 0.94 1.42
Range 51.8-78.8 75.5-112.7
N 52 43

Body Mass (g) Mean 241.646 718.883
SE 10.996 39.350
Range 86.14-481.43 364.10-1563.47
N 52 42

Fatbody Mass (Q) Mean 14.5339 36.7422
SE 1.4815 4.2104
Range 0.966-54.718 1.332-130.769
N 52 42
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FiG. 4. (A) Monthly comparisons of the number of Willow La¥erodia rhombifer
captured with expected values generated from trapping effort. Data are cdatriogs
years by month. The numbers of captures among months were significantigndiffer
from expected value®(< 0.001). Note that because trapping effort varied among
months, the numbers of captures are not directly comparable. (B) Monthly relative
abundances for all Willow Lakiderodia rhombifer represented as a percent of sample
corrected for sampling effort. Data are combined across years bip.nidashed line
represents the expected values if watersnakes were equally activdhntubiing year.

0 _0 _ RA _ > No. Captures/Y No. Trapping Periods
[/0 Sample /RA Y RA x 100 Y(X No. Captures/Y No. Trapping Periods) x100. For

reference), RA = 38.65.]
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FiG. 5. Monthly comparisons of the number of Willow La¥erodia rhombifer captured
with expected values generated from trapping effort. Data are comloirss gears by
month for (A) juveniles, (B) adult females, (C) and adult males. All thig#adied
significantly different capture rates than expected 0.001 for all three). Note that
because trapping effort varied among months, the numbers of captures are tipt direc
comparable.
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Fig. 6. Monthly relative abundances of Willow Lakerodia rhombifer represented as a
percent of sample corrected for sampling effort for (A) juveniles, (B} éelulales, and
(C) adult males. Data are combined across years by month. The dashed lohe in ea

graph represents the expected values if watersnakes were equedytlactiughout the
. __ RA __ X No. Captures/Y, No. Trapping Periods

year. [% Sample = %RA = Y RA x 100 = Y(X No. Captures/Y No. Trapping Periods) % 100.

For reference}, RA = 7.50 for juveniles,); RA = 17.48 for adult females, angd RA =

13.67 for adult males.]
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Fic. 7. (A) Mean monthly photophase, and (B) mean total monthly precipitation and
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from two weather stations closest to Santa Ana National Wildlife Refiggtien
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FiG. 8. Size structure fdderodia rhombifer constructed from data collected from Willow Lake, Santa Ana National V¢ilRkgfuge
from 1995-1998. N = sample size, SVL = snout-vent length.
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FIG. 9. Mass structure foderodia rhombifer constructed from data collected from Willow Lake, Santa Ana National VéilRigfuge
from 1995-1998. N = sample size.
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Fig. 10. Age structure faxerodia rhombifer constructed from size data collected from Willow Lake, Santa Ana Natiomalife/i
Refuge from 1995-1998. Ages for individuals used to generate the age structuestimeaed from power growth models
empirically fit to growth increments for females and males, seggraNumbers beside the frequency bars indicate the number of
individuals assigned to each age group.
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Fig. 12. (A) Size of reproductive structures for femddeodia rhombifer > 75.5 cm
SVL collected in irrigation canals in Hidalgo County, Texas. (B) Mean masstektfor
maleNerodia rhombifer > 48.4 cm SVL collected in irrigation canals in Hidalgo County,
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Fic. 13. Comparison of regression lines of litter sizes versus maternal snoutrgtins ESVL) forNerodia rhombifer from Hidalgo
County, Texas and three other populations from temperate and tropical regions. Begafber three populations are from
Plummer (1992), Aldridge et al. (1995), and M. Keck (unpublished data). The slopes were ficasigndifferent 3 57=1.69,P =
0.179).
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FiG. 14. Comparison of common slope models and marginal mean SVLs for Hidalgo County\dexigesrhombifer and

three other populations from temperate and tropical regions. Models by locatidardifeeid by number in parentheses. Data
for the other populations are from Plummer (1992), Aldridge et al. (1995), and M. Keck (unedldata). Marginal means
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Fic. 15. Comparison of the regression lines of tail length (TL) versus snout-vent I8Nghbetween male and femalerodia
rhombifer from Willow Lake, Santa Ana National Wildlife Refuge. An ANCOVA comparlihgusing SVL as the covariate
indicated that males had significantly longer tails than females propately €1, 135= 16.07,P < 0.001). From the analysis, the
marginal meanstSE) were 19.80.539 cm N = 62) and 16-£0.486 cm N = 76) for males and females, respectively, and were
estimated at 72.1 cm SVL.
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Fic. 16. Comparison of the regression lines of log(Mass in grams) versus log(SVL in cegmetale and femalerodia

rhombifer from Willow Lake, Santa Ana National Wildlife Refuge. A test for homogeneisjamfes was significant (GLM
interaction term sex*SVLE; 134=4.75,P = 0.031) indicating that the rate of change in logMass with logSVL was not the same
between the sexes. SVL = snout-vent lenBfts coefficient of determination, GLM = general linear model.
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Fic. 18. Regression lines by sex (males =, females =o— ) for the differential forms
of the (A) power, (B) logistic, and (C) Gompertz growth models fit to growth data for
Nerodia rhombifer from Santa Ana National Wildlife Refuge. G = specific growth rate,
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Fic. 20. The relationship between fatbody mass (FBM) and snout-vent length (SVL) for
(A) adult male N = 52) and (B) adult femaléN(= 42)Nerodia rhombifer collected in

Hidalgo County, Texas. Only male$1.8 cm SVL and females75.5 cm SVL were

used in the analyses. The reproductive condition for individual females is iddigate
symbols:O = quiescent® = vitellogenic,A = oviductal eggsA = oviductal embryos,

[ = uterine spots, arl = gave birth. For male§BM = 0.764SVL — 34.9,R? =

0.237,P < 0.001. For femalesfBM = 1.32SVL — 80.8,R? = 0.192,P = 0.004. R* =
coefficient of determinatior = probability that the null hypothesis is true.
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Fig. 21. The relationship between fatbody mass (FBM) and body mass (BM) for (A)
adult male N = 52) and (B) adult femald(= 41)Nerodia rhombifer collected in

Hidalgo County, Texas. Only male$1.8 cm SVL and females75.5 cm SVL were
used in the analyses. The reproductive condition for individual females is iddigate
symbols:O = quiescent® = vitellogenic,A = oviductal eggsA = oviductal embryos,
(] = uterine spots, arl = gave birth. For male§BM = 0.096BM — 7.887, R? =
0.474,P < 0.001. For femalesFBM = 0.065BM — 10.59, R? = 0.361,P < 0.001. R?

= coefficient of determinatior = probability that the null hypothesis is true.
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Fic. 22. Residual index versus fatbody index for (A) adult nrateq.955N = 52,P <
0.001) and (B) adult female € 0.964 N = 42,P < 0.001)Nerodia rhombifer collected
in Hidalgo County, Texast = correlation coefficientN = sample sizeR = probability
that the null hypothesis is true.
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Fig. 23. Fatbody index (FBI) calculated for (A) adult m&le=(52) and (B) adult female
(N = 42)Nerodia rhombifer collected in Hidalgo County, Texas. The dashed lines

indicates the ove

rall mean FBI for each sex. Only nialek.8 cm SVL and females

75.5 cm SVL were used in the analyses. The reproductive condition for individual
females is indicated by symbols: = quiescent® = vitellogenic,A = oviductal eggs,
A = oviductal embryod,] = uterine spots, arl = gave birth. SVL = snout-vent length.
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FiGc. 24. Fatbody index (FBI) by month for (A) adult mal\e<52) and (B) adult female

(N = 42)Nerodia rhombifer collected in Hidalgo County, Texas. The dashed lines

indicate the overall mean FBI for each sex. Only malg$.8 cm SVL and females

75.5 cm SVL were used in the analyses. The interpolation lines indicate monthly means.
Kruskal-Wallis Tests indicated that males displayed an significant amonth

difference in FBI ¢ = 21.70, df = 7P = 0.003), but females did ngg%(= 8.78, df = 7P
=0.269). Months are indicated by number (i.e., 4 = April, 5 = Ma¥.= November).

N = sample size. SVL = snout-vent length= chi-square value, df = degrees of

freedom,P = probability that the null hypothesis is correct.
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FIG. 26. Survivorship curves fdderodia rhombifer from Willow Lake at Santa Ana National Wildlife Refuge. The groupingse
modeled as simple exponential decays that assume constant mortalitiageafte The regression models were, for females)
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